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THEME 


The  millimeter  and  the  submillimeter  ranges  belong  to  the  upper  part  of  the  microwave 
spectrum,  where  they  take  most  of  their  techniques  and  technologies.  However,  some  of  their 
applications  are  derived  from  optical  techniques. 

The  progress  in  technology  has  been  impressive  in  the  past  few  years,  mainly  due  to  the 
development  of  active  and  passive  solid  state  devices. 

^-3  The  purpose  of  the  meeting  will  be  to  present  a broad  view  of  the  state  of  the  art  in  solid 
state  sources  and  detectors,  and  in  associated  circuit  techniques  and  technologies.  Recent 
progress  in  power  tubes,  laser  techniques  and  high  power  techniques  will  be  dealt  with. 

The  system  aspects  will  be  covered,  including  atmospheric  propagation  effects  as  well  as 
specific  problems  in  detection,  telecommunications  and  visualisation. 

There  will  be  an  opportunity  to  discuss  what  future  developments  of  the  technology 
would  be  desirable  and  could  be  expected  to  cover  the  needs,  especially  in  military 
applications. 
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THE  POTENTIAL  MILITARY  APPLICATIONS  OF  MILLIMETER  WAVES 

Lawrence  R.  Whicker,  Denis  C,  Webb 
Naval  Research  Laboratory 
Washington,  DC  20375,  U.S.A. 


SUMMARY 

This  paper  reviews  the  propagation  characteristics  of  millimeter  waves,  considering  effects  of  rain, 
clouds  and  fog.  The  fundamental  limitations  of  microwave,  millimeter  and  optical  systems  are  discussed 
and  the  strengths  and  weaknesses  of  each  class  of  system  are  outlined.  Based  on  these  considerations,  the 
most  promising  application  areas  for  millimeter  waves  are  outlined.  Applications  for  radar,  comnunication 
and  electronic  warfare  are  discussed.  Additionally  needed  component  research  and  development  activities 
are  considered. 

1.0  INTRODUCTION 

Within  the  past  few  years,  there  has  been  a resurgence  of  Interest  in  millimeter  waves.  (SKOLNIK,  M.I., 
1970),  (JOHNSTON,  S.L.,  1977),  (WEISBERG,  L.R.,  1977),  (STROM,  L.D.,  1977)  This  Is  partly  attributable 
to  advances  In  component  technology  but  also  reflects  the  changing  priorities  of  military  systems. 

There  la  Increased  emphasis  on  employing  as  well  as  detecting  small  platforms  [(e .g. , missiles  and  RPV's 
(Remotely  Piloted  Vehlclea)1  . The  necessity  of  achieving  high  resolution  as  well  as  being  able  to 
penetrate  fog  and  smoke  leads  to  the  use  of  millimeter  waves  either  as  the  primary  system  or  In  comple- 
mentary equipment  to  be  Integrated  with  present  microwave  or  optical  equipment. 

This  paper  first  reviews  the  propagation  factors  of  millimeter  waves.  The  effects  of  rain,  clouds  and 
fog  are  considered.  The  fundamental  limitations  of  microwave,  millimeter  wave  and  optical  systems  are 
described.  The  strengths  and  weaknesses  of  each  class  are  outlined.  Based  upon  these  considerations, 
promising  application  areas  for  millimeter  waves  are  outlined.  The  areas  of  application  are  subdivided 
Into  radar,  comnunication  and  electronic  warfare.  A final  section  addresses  component  needs  to  effective- 
ly meet  future  system  requirements. 

2.0  CHARACTERISTICS  OF  MILLIMETER  WAVE  PROPAGATION 

2.1  Weather 

A prime  consideration  In  the  design  and  performance  of  a millimeter  wave  system  is  the  atmospheric 
attenuation  under  the  range  of  anticipated  weather  conditions.  In  general  the  system  employs  one  of  two 
modes:  1)  a low  attenuation  mode  for  maximum  range  or  2)  an  LPI  (low  probability  of  Intercept)  mode  for 
short  range  secure  operation.  Figure  1 Indicates  propagation  loss  in  clear  weather  and  in  various  types 
of  Inclement  weather. 

For  reasonably  low  values  of  propagation  attenuation  in  the  millimeter  wavelength  portion  of  the  spectrum 
the  system  must  operate  within  one  of  the  atmospheric  windows.  As  Is  Indicated  in  Figure  1,  these  windows 
are  centered  at  94,  140,  and  220  GHz  respectively.  All  have  a percentage  bandwidth  of  roughly  207..  The 
"clear  air"  attenuation  between  94  GHz  and  the  far-infrared  is  dominated  by  water-vapor  absorption. 

Under  hot  humid  conditions  the  attenuation  in  the  windows  may  increase  by  as  much  as  a factor  of  five  over 
the  values  noted  in  the  figure.  Attenuation  In  the  Infrared  windows  centered  at  10  and  4 microns  is 
comparable  to  that  of  the  94  GHz  window  and  Is  lower  than  that  of  the  140  and  220  GHz  windows. 

For  LPI  applications  a few  dB/km  is  usually  desired  and  frequencies  near  the  absorption  peak  centered  at 
60  GHz  are  comnonly  employed.  Since  this  peak  Is  a result  of  absorption  by  the  oxygen  molecule  It  is 
relatively  stable  under  changes  in  temperature  and  relative  humidity.  Furthermore,  componentry  is  con- 
siderably simpler  here  than  at  the  higher  frequencies  where  comparable  attenuation  can  be  achieved. 

Attenuation  due  to  a moderately  heavy  rain,  10  nm/hr.,  Is  also  indicated  In  Figure  1.  In  general  it 
depends  both  on  particle  size  and  particle  density  but  remains  roughly  constant  from  94  GHz  to  the  visible 
portion  of  the  spectrum.  Below  94  GHz  the  attenuation  due  to  rain  decreases  monotonlcally . Backscatter 
from  raindrops  Is  not  a significant  problem  at  frequencies  of  94  GHz  and  higher.  (RAINWATER,  J.H.,  1977) 

Figure  1 also  shows  attenuation  due  to  a heavy  fog  and  a moderately  dense  cloud.  For  both  the  loss  at 
optical  wavelengths  Is  prohibitive  but  Is  not  excessive  at  millimeter  wavelengths  and  Is  negligible  at 
microwave  frequencies.  Characteristics  for  commonly  used  smokes  are  similar,  l.e.,  an  attenuation  of 
100  dB/km  is  comnon  at  Infrared  wavelengths  while  there  Is  no  measurable  attenuation  in  the  millimeter  wave 
portion  of  the  spectrum. 

An  Important  point  to  note  Is  that  It  Is  frequently  impractical  to  compensate  for  the  degradation  of  system 
performance  caused  by  inclement  weather  by  simply  Increasing  transmitter  power.  For  example,  if  the 
propagation  attenuation  is  5 dB/km,  the  power  must  be  Increased  by  a factor  of  ten  for  each  additional 
kilometer  of  range. 

2.2  Resolution 

A prime  motivation  for  employing  millimeter  wavelengths  rather  than  microwaves  Is  the  need  for  a narrow 
beam  without  an  excessively  large  antenna  aperture.  The  diffraction  limited  angular  resolution,  0,  is 
given  by  the  expression: 

n - 1.2X/D 

where  X is  the  operating  wavelength  and  D Is  the  antenna  diameter.  Typical  high  resolution  requirements 
are  f)  « 10*2  to  10*’  radians  for  beam  riders  and  tracking  radars  and  f)  - 10*4  and  10*3  radians  for  target 


detection,  Identification  and  claaalflcatlon.  The  max  liman  allowable  antenna  diameter  may  be  a meter  or 
leaa  for  aircraft  and  ground  vehicles  and  as  little  as  a few  tens  of  centimeters  for  missiles, 
satellites,  RPV'a  and  hand-held  radar.  There  are  a significant  number  of  military  applications  where  the 
resolution  offered  by  conventional  microwave  systems  Is  Inadequate. 

For  many  applications  even  millimeter  waves  provide  marginal  or  sub-marginal  resolution.  For  example,  a 
l.S  meter  diameter  antenna  operating  at  230  CHx  provides  an  angular  resolution  of  only  10*3  radians.  For 
higher  resolution,  syrthetlc  aperture  radar  techniques  (T0M1YASU,  K. , 1978)  can  be  used  from  moving  plat- 
forms, otherwise  optical  techniques  must  be  employed. 

2.3  Comparison  of  Microwave,  Millimeter  and  Optical  Systems 

As  noted  above  millimeter  waves  are  employed  rather  than  microwaves  either  to  realise  a narrower  beam  In 
an  aperture  limited  system  or  to  achieve  covertness  through  moderately  high  atmospheric  attenuation. 

Other  adv  intages  of  millimeter  wave  '.  .-terns  are  the  Increased  bandwidth  capability  hence  greater  Infor- 
mation carrying  potential  and  better  Immunity  to  countermeasures.  Furthermore,  components  and  circuitry 
are  more  compact,  an  Important  consideration  In  missile,  RPV  and  man-pack  applications. 

Where  the  above  considerations  are  not  overriding,  microwave  systems  are  usually  preferable.  Propagation 
loss  la  significantly  lower  In  all  weather  conditions  and  high  power  sources  and  circuitry  are  much  more 
readily  available.  These  factors  lead  to  much  greater  range  for  microwave  systems  than  for  millimeter 
wave  systems.  Furthermore,  most  components  are  more  difficult  to  fabricate  at  millimeter  wavelengths  be- 
cause of  the  required  dimensional  accuracies,  and  are  more  expensive  than  their  microwave  counterparts. 

In  high  resolution  applications  where  millimeter  waves  have  clear  advantages  over  microwaves,  millimeter 
wave  systems  must  compete  with  the  generally  better  developed  thermal  Imaging  systems.  The  latter 
possess  a 2 to  3 order  of  magnitude  smaller  wavelength  and  by  using  the  powerful  focal  plane  array  tech- 
nology can  achieve  a considerably  greater  clear  weather  range  than  millimeter  wave  systems.  However, 
since  they  are  passive  an  auxiliary  active  system  Is  required  to  derive  range  and  velocity  information. 

This  may  be  either  a laser  or  If  the  clutter  problems  are  not  severe  may  be  a complete  microwave  radar. 

The  clear  advantage  millimeter  wave  systems  have  over  optical  systems  Is  their  ability  to  penetrate 
clouds,  smoke,  fog  and  haze.  The  frequency  and  predictability  of  one  or  more  of  these  conditions  often 
dictates  that  military  systems  be  operable  In  them  to  prevent  the  enemy  from  concealing  his  movements. 

For  example.  In  Western  Europe  In  approximately  one  of  three  mornings  during  the  fall  and  winter  the 
visibility  la  reduced  to  less  than  1 km  by  ground  fog.  Also,  roughly  two-thirds  of  the  time  the  total 
cloud  cover  exceeds  S07.  In  the  North  Atlantic.  Effective  surveillance  and/or  operation  under  these 
weather  conditions  mandates  use  of  microwave  or  millimeter  wave  systems  as  primary  systems  or  as  backups 
to  optical  systems. 

3.0  RADAR  APPLICATIONS 

From  the  time  of  World  War  II  much  funding  has  gone  Into  the  development  and  optimization  of  microwave 
radar  systems.  These  systems  have  been  designed  for  particular  functions  and  missions  operating  at 
frequencies  from  UHF  to  35  GHz.  Generally  the  search  radar  function  has  been  accomplished  at  frequencies 
below  A GHz  while  functions  requiring  higher  resolution,  such  as  airborne  ground  mapping,  have  been 
realized  at  frequencies  up  to  and  above  10  GHz.  Radars  at  35  GHz,  which  are  technically  In  the  longer 
millimeter  region,  are  Identified  generally  with  the  microwave  portion  of  the  spectrum.  At  frequencies 
above  35  GHz  where  the  high  resolution  and  large  bandwidth  capabilities  of  millimeter  wave  systems  might 
be  exploited,  considerably  less  work  has  been  done.  Instead,  effort  has  been  concentrated  In  the  Infrared 
and  visible  portion  of  the  spectrum.  Table  I which  is  based  on  considerations  stated  earlier,  lists 
some  of  the  tradeoffs  that  must  be  considered  In  selecting  a radar's  operating  frequency.  As  Indicated 
In  this  chart  both  optical  and  microwave  radar  systems  offer  certain  performance  features  superior  to 
that  promised  by  millimeter  systems.  For  example,  a microwave  system  Is  clearly  better  for  a large  volume 
search  while  an  optical  system  In  clear  weather  la  better  for  an  Imaging  radar.  Thus,  to  find  considerable 
and  important  applications,  the  millimeter  systems  must  either  complement  microwave  or  optical  systems  or 
exhibit  a combination  of  features  which  make  them  more  effective  than  their  microwave  or  optical  counter- 
parts. Several  examples  are  given  below. 

TABLE  I 

RADAR  SYSTEM  COMPARISONS  


RADAR  CHARACTERISTIC 

TRACKING  ACCURACY 
CLASSIFICATION/ IDENTIFICATION 

'COVERTNESS 

VOLUME  SEARCH 

ADVERSE  WEATHER  PERFORMANCE 
PERFORMANCE  IN  SMDKE 


INTERMEDIATE 


MICROWAVE 


MILLIMETER 

WAVE 


3.1  Millimeter  Wave  Radar  Systems  to  Augment  or  Replace  Optical  Systems 

The  era  of  precision  weapons  has  materialized  with  the  invention  of  the  lasers  and  its  utilization  with 
"smart"  bombs.  However,  the  poor  performance  of  optical  systems  using  lasers  or  FLIR's  in  a fog  or  smoke 
environment  make  millimeter  systems  attractive  for  this  application  either  as  a replacement  for  or  as  a 
complement  to  present  optical  systems.  Other  areas  where  lasers  and  IR  systems  may  be  replaced  Include: 
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• Target  Designators 

• Beam  Riders 

• Range  Finders 

• Passive  Seekers 

• Detection  and  Classification 
. Imaging 

All  these  applications  have  the  common  requirements  that  the  range  is  relatively  short,  1-5  km  and  the 
beamvidth  is  not  prohibitively  small,  1-10  mi  1 li radians . 

Short  range  target  detection,  identification  and  classification  in  a smoke  or  fog  environment  both  on  land 
and  at  sea  is  an  important  application  for  millimeter  imaging  radars.  For  such  a radar  an  antenna  aperture 
of  approximately  10  square  meters  is  required.,,  While  such  an  ant  nna  is  too  large  to  mount  on  a vehicle 
such  as  a tank,  such  e ystem  could  be  mounted  on  an  auxiliary  vehicle.  Received  data  would  then  be  trans- 
mitted to  other  vehicles  within  the  immediate  area.  With  antennas  of  one  meter  Jiameter  or  smaller,  ground 
vehicles  may  still  be  detected  and  tracked  with  millimeter  waves.  Classification  of  such  vehicles  may  be 
possible  by  analysis  of  the  radar  returns  including  the  glint  characteristics. 

imaging  with  smaller  antenna  apertures  is  possible  on  moving  objects  such  as  RPV's  by  employing  synthetic 
aperture  techniques.  Optimum  center  frequencies  for  such  systems- -94  CHz,  140  GHz  or  220  GHz- -must  be 
determined  from  tradeoff  studies  which  consider  resolution  vs.  atmospheric  attenuation  and  available  power. 

3.2  Millimeter  RAdar  Systems  to  Augment  or  Replace  Microwave  Radar  Systems 

One  important  application  for  millimeter  shipboard  search  and  track  radars  is  for  the  detection  and  track- 
ing of  low  altitude  cruise  missiles.  It  is  well  known  that  when  a radar  tracks  targets  at  elevation 
angles  of  the  order  of  an  antenna  beamwidth  or  less,  the  ground  reflections  produce  signals  that  can  cause 
erroneous  measurements  of  elevation  angle  resulting  in  poor  tracking.  Thus,  there  is  need  for  the  narrow- 
beam  millimeter  system.  The  millimeter  system  of  short  to  intermediate  range  can  be  used  to  augment  other 
shipboard  radars.  Recent  developments  of  gyratron  tubes  (GODLOVE,  T.F.,  GRANATSTEIN,  V.L.,  1977)  give 
promise  of  providing  suitable  power  sources  at  35  and  94  GHz.  This  function  can  be  accomplished,  also, 
with  an  optical  system.  However,  the  all-weather  capability  of  the  millimecer  wave  system  makes  it  the 
logical  choice. 

Another  potentially  important  application  for  millimeter  wave  systems  is  the  LPI  radar  mentioned  pre- 
viously. Microwave  systems  utilize  frequency  hopping  and/or  matched  filtering  to  achieve  security.  Milli- 
meter wave  systems  gain  from  their  narrower  beams  and  also  could  take  advantage  of  the  60  GHz  oxygen 
absorption  line.  Such  systems  could  vary  their  frequency  to  adjust  for  weather  conditions  The  maximum 
absorption  offered  at  60  GHz  would  limit  the  range  of  such  radars  but  minimize  the  danger  vi  detection  at 
distances'  larger  than  the  operating  range. 

Other  possible  microwave -rep lac ement  applications  include  terrain  fol lowing/ terrain  avoidance  and  fire 
control.  The  main  advantage  millimeter  wavelengths  offer  in  the  former  application  is  their  greater 
security  due  to  the  smaller  beamwidth  and  the  greater  atmospheric  attenuation.  Millimeter  fire  control 
radars  would  benefit  from  the  increased  angular,  range  and/or  doppler  resolution. 

In  still  other  millimeter  radar  applications  the  size  and  weight  reduction  of  millimeter  wave  systems  vs. 
their  microwave  counterpart  is  the  most  important  feature.  Examples  are: 

• High  resolution  radars  for  mini-RPV's  and  satellites 

• Active  fuses 

• Active  missile  seekers 

• Hand  held  radars 


4.0  COMMUNICATIONS  APPLICATIONS 

Over  the  past  several  years  there  has  been  much  discussion  of  th«  faults  and  virtues  of  millimeter  wave- 
length conmunlcat ion  links.  (SKOLNIK,  M.I.,  1970)  The  broad  bandwidth  capabilities  lead  to  large 
channel  capacity;  however,  adverse  weather  conditions  can  lead  to  poorer  performance  than  microwave  links. 
In  some  commercial  applications  closed  waveguide  systems  can  be  used.  Such  systems  use  the  TEqj^  circular 
waveguide.  Here  the  waveguide  may  be  filled  with  gas  and  avoid  the  irregularities  of  propagation  ex- 
perienced within  the  earth's  atmosphere.  Closed  systems  appear  to  have  limited  military  applications, 
however. 

An  area  of  greater  potential  utilization  for  military  applications  is  low  probability  of  intercept  (LPI) 
communication  links.  (VIGNALI,  J.A. , 1970>  As  in  the  case  of  LPI  radar,  an  LPI  communication  link  would 
use  a narrow  beam  antenna  at  frequencies  near  60  GHz  where  the  atmospheric  attenuation  limits  the  range 
of  detectability.  Above  the  earth's  atmosphere  a 60  GHz  satellite-satellite  link  can  operate  with  litt 
attenuation.  Such  systems  would  be  protected  from  detection  or  interference  from  the  earth's  surface. 

The  other  two  areas  of  LPI  communication  links  are  for  short  range  (1-5  kw)  ship-to-ship  communication 
and  for  battlefield  communications.  In  these  applications  the  ability  of  millimeter  waves  to  penetrate 
fog  or  smoke  is  an  essential  feature.  For  battlefield  applications  where  large  numbers  of  terminals 
might  be  used  by  individual  foot  soldiers  the  terminals  must  be  quite  small  and  lightweight  and  offer  low 
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5 . 0 ELECTRONIC  COUNTERMEASURE  (ECM>  APPLICATIONS 


As  millimeter  wavelength  radar  and  conmunlcat ion  systems  are  developed  to  augment  or  replace  optical  and 
microwave  systems,  it  becomes  necessary  to  develop  electronic  countermeasures.  Before  countermeasures 
can  be  utilized,  the  unfriendly  millimeter  wavelength  signal  must  be  located  and  identified.  Thus  a first 
priority  in  ECM  equipment  is  in  surveillance  receivers.  Such  receivers  must  exhibit  good  noise  character- 
istics and  must  cover  the  various  windows  between  35  and  300  GHz.  An  additional  band  near  60  GHz  is  required 
for  intercepting  LPI  radar  and  communications  signals. 
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In  addition  to  surveillance  receivers,  the  ECN  conznunity  needs  broadband  power  sources  to  provide  Jamming 
power  to  defeat  the  potential  threats.  Such  power  must  come  from  conventional  microwave  tubes  or  from  new 
tubes  using  relativistic  elec tron- beams  such  as  the  gyratron. 

6.0  COMPONENT  RESEARCH  AM)  DEVELOPMENT  NEEDS 

In  order  to  realize  new  millimeter  wavelength  radar,  communication  and  ECM  systems,  substantial  military 
support  at  the  component  or  technology  level  Is  required.  Areas  requiring  particular  attention  are  listed 
In  Table  II. 

TABLE  II 


This  table  Is  broken  down  Into  three  categorles--sources , circuits,  and  solid  state  components.  Some 
comments  on  each  of  these  areas  follow. 

6.1  Sources 

High  power  in  the  millimeter  wave  region  as  in  the  microwave  region  Is  obtained  from  vacuum  tubes.  Certain 
types  of  tubes  (coupled  cavity  tubes)  have  provided  100-200  watts  of  cw  power  at  frequencies  In  the  30-94 
GHz  range.  However,  such  tubes  are  expensive  to  fabricate  and  require  the  use  of  extremely  high  tolerance 
parts.  Along  with  the  continued  development  of  conventional  tubes,  new  approaches  to  forming  slow  wave 
structures  for  millimeter  tubes  need  be  Investigated. 

Applications  such  as  shipboard  low  angle  tracking  radar  require  considerable  power.  New  tubes  using 
relativistic  electron  beams  such  as  the  gyratron  promise  to  provide  tens  to  hundreds  of  kilowatts  of  power 
at  frequencies  up  to  300  GHz.  (GODLOVE,  T.F.,  GRANATSTEIN,  V.L.,  1977)  Further  work  on  such  tubes  Is 
required  to  bring  the  technology  to  the  point  where  they  are  deployable  in  systems.  Broadbanding  studies 
In  particular  need  to  be  pursued  to  address  EW  and  LFI  system  requirements. 

For  many  millimeter  wave  military  applications  the  high  power  capabilities  of  the  tubes  will  not  be  re- 
quired and  solid  state  sources  will  be  adequate.  For  short  range  Imaging  systems,  missile  seekers  and 
target  designators,  typical  power  requirements  are  1-10  watts.  In  excess  of  1 watt  cw  power  has  been 
obtained  at  94  GHz  (STROM,  L.D.,  1977)  by  the  use  of  power  combining.  Recently  IMPATT  diode 
oscillators  have  bean  reported  that  offer  a cw  power  output  of  50  mW  at  202  GHz.  (ISHIBASHI,  T. , OHMARI , M . , 
1976)  Achieving  high  power  with  solid  state  diodes,  especially  at  the  lower  millimeter  wavelengths,  Is  a 
high  priority  requirement 

6.2  Circuits 

In  the  circuits  area,  work  Is  needed  to  Improve  the  bandwidth  capabilities  of  standard  waveguide  components 
such  as  couplers  and  magic  tees.  Component  development  In  Integrated  circuit  format  Is  needed  also  for 
both  cost  and  size  reduction  for  anticipated  high  volume  applications  such  as  missile  seekers  and  target 
designators.  Several  types  of  transmission  lines  are  reeded  to  be  compatible  with  the  various  component 
configurations  which  may  be  employed  throughout  the  millimeter  wave  spectrum.  Conventional  microstrip 
approaches  are  not  attractive  for  frequencies  of  94  GHz  and  higher  and  work  Is  being  concentrated  on  other 
formats,  such  as  dielectric  waveguide  and  suspended  mlcrostrlp.  Quasi-optlcal  techniques  appear  to  be  useful 
for  the  higher  millimeter  frequencies.  (GUSTINCIC,  J.J.,  1977) 


SOURCES 

(a)  High  Power 

- Conventional  Tubes 

- Conventional  Tubes  with  New 

- New  Relativistic  Beam  Power 

Broadbanding 

(b)  Medium  and  Low  Power 

Slow  Wave  Structures 
Tubes  Such  as  Gyratron 

- IMPATT  Power  Combining 

- High  Frequency  Operation 

CIRCUITS 

- Waveguide  Broadbanding 

- Integrated  Circuits 

- Quasi-Optical  Techniques 

SOLID  STATE 
COMPONENTS 

- Low  Noise  Mixers 

- Phase  Shifters 

- JJ  Detectors 
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6.3  Solid  State  Components 

A common  requirement  for  all  military  millimeter  wave  system*  la  the  need  for  a high  performance  receiver. 
GaAs  Schottky  barrier  diodes  have  been  the  moot  successful  at  millimeter  wavelengths  to  date  with  a 3 dB 
nolae  figure  reported  for  a 93  GHt  sub  harmonically  pimped  mixer  (SCHNEIDER,  M V.,  ('ARISON,  E.R.,  19771 
Again,  further  work  la  needed  to  realite  low  coat,  rugged  lied  receivers  suitable  for  military  application* 
Additional  emphasis  on  wideband  versions  is  required  also 

For  extremely  low  noise  operation  cryogenic  receiver  technology  Is  being  studied.  For  example,  a mixer 
employing  a Josephson  Junction  as  the  nonlinear  element  exhibited  a 55°K  noise  temperature  at  36  GHt. 

(TAUR,  Y.,  CLAUSSEN,  J.M.  , RICHARDS,  P L.,  1974>  These  devices  are  likely  to  be  competitive  with 
Schottky  barrier  devices  at  the  lower  millimeter  wavelengths;  however,  significant  utilisation  in  military 
applications  is  at  least  5 to  10  years  away  because  of  the  devices  present  limitations  In  dynamic  range 
and  the  need  for  improved  planar  (non  point -contact)  versions.  Improved  closed  cycle  refrigerator  tech- 
nology la  also  essential. 

Electronically  steerable  beams  at  94  C.Ht  and  higher  frequencies  are  not  currently  practical  because  of 
limitations  in  control  components.  Innovative  approaches  are  needed  in  phase  shifters  and  modulators  to 
overcome  the  severe  cost  and  fabrication  problems  at  these  frequencies  Similar  limitations  exist  for 
other  commonly  used  solid  state  components,  e.g.,  circulators,  Isolators,  switches  Again  realisation  of 
broadband  components  Is  en  area  which  needs  particular  attention. 

7.0  PCMCIA'S  10HS 

At  this  point  In  time,  millimeter  waves  have  found  only  limited  use  in  military  systems.  This  Is  true 
since  most  system  needs  could  adequately  be  met  with  better  developed  microwave  and  optical  systems. 

Tills  paper  has  focussed  on  a range  of  applications  where  millimeter  waves  exhibit  a combination  of 
features  which  make  their  use  attractive  compared  to  other  systems.  It  is  felt  that  millimeter  waves 
will  find  military  application  in  many  of  the  areas  described  in  this  paper.  It  is  difficult  at  this 
time  to  predict  which  areas  of  application  will  be  the  moat  important.  However,  the  increasing  emphasis 
on  high  resolution,  small  sire,  high  Information  capability  and  all  weather  performance  points  toward  an 
important  role  for  millimeter  waves  in  future  systems. 
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DISCUSSION 


R.P.Moore,  US 

What  are  the  assumptions  underlying  the  requirements  for  resolution  required  for  tracking  and  target  identification 
and  did  they  take  into  account  other  signal  characteristics  that  can  he  used  for  identification  such  as  spectral  content 
and  thus  reduce  required  resolution  and  thus  antenna  diameter  required  by  several  fold?  Optical  resolution  criteria 
applied  to  min-wave  systems  often  lead  to  erroneous  conclusions  concerning  system  feasibility,  and  effectiveness 
also.  Have  the  requirements  taken  into  account  doppler  beam  sharpness  and  other  techniques  used  at  lower 
frequencies  to  obtain  better  resolution? 

Author’s  Reply 

This  paper  is  general  in  nature.  The  resolution  requirements  listed  were  based  on  the  equation  S2  = 1 .2X/D  . It  is 
true  that  based  on  signal  return  characteristics  somewhat  smaller  antenna  sizes  may  be  utilized.  The  characteristics 
of  specific  targets  were  not  given.  As  indicated 

12  = 10-J  to  1 0-3  radians  for  beam  riders  and  tracking  radars. 

S2  = I0"4  to  10"3  radians  for  target  identification  and  classification. 

Specific  returns  from  targets  would  allow  for  the  larger  12  and  thus  the  smaller  antenna,  doppler  information,  glint, 
and  other  specific  target  returns  may  be  utilized. 
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SIMHAKY 


This  paper  explores  the  effects  of  clutter  and  non-ideal  atmospher ic  conditions  on  the  per formance  of 
millimeter  radar  systems.  A series  of  investigations  of  radar  returns  from  land,  sea,  rain,  and  snow 
have  been  performed  over  the  past  several  years  which  were  designed  to  define  the  potential  utility  of 
millimeter  waves  to  selected  system  applications.  The  data  and  supporting  analyses  include  results 
for  all  of  the  comnonly  used  radar  operating  frequencies  between  9.5  GHz  and  95  GHz.  Average  values 
were  measured  to  develop  frequency  dependencies,  and  considerations  were  made  of  those  factors  such  as 
polarization,  amplitude  distributions,  and  spectra  which  significantly  impact  the  abdication  of 
modern  signal  processing  techniques  to  millimeter  radar. 

1.  INTRODUCTION 

The  objective  of  any  measurement  program  lies  in  the  application  of  data  to  some  real-world  problem; 
the  key  to  this  aspect  of  the  program  lies  in  the  analysis  and  presentation  of  results.  Results  might 
include  presentation  of  such  average  quantities  such  as  radar  cross-section,  radar  cross-sect  ion  per 
unit  area,  and  attenuation  coefficient.  These  parameters  can  be  coupled  with  meteorological, 
temporal,  or  environmental  parameters  in  the  final  presentations  of  results.  Fluctuation 
characteristics  such  as  amplitude  distributions,  frequency  spectra,  or  correlation  functions  are  also 
important  for  many  applications;  however,  oonstderable  care  is  needed  in  the  interpretation  of  such 
data.  Finally,  there  are  data  which  are  related  to  specific  signal  processing  techniques , such  as 
special  polarization  or  frequency  processing,  which  will  require  their  own  specific  presentations. 

2.  ENVIRONMENTAL  PARAMETERS  AFFECTING  MILLIMETER  RADAR  PERFORMANCE 

Millimeter  radar  performance  is  affected  by  the  environment  in  a ntmber  of  ways  including  attenuation 
and  backscatter  from  the  atmosphere,  backscatter  from  the  background  such  as  sea  or  land  clutter,  and 
attenuation  due  to  natural  cover  such  as  snow  or  foliage. 

2.1  Atmospheric  Effects 

Millimeter  waves  propagating  through  the  atmosphere  are  affected  by  their  interaction  with  atmospheric 
gases,  particulate  matter,  and  hydroroeteors.  These  interactions  occur  through  three  primary 
mechanisms;  absorption,  scattering,  and  refraction.  The  effects  of  these  interaction  mechanisms  on 
millimeter  waves  are  simroarized  in  Table  1. 

Absorption  and  scattering  are  the  result  of  direct  interaction  between  the  millimeter  waves  and  the 
atmosphere  (gases,  particulate  matter,  hydroroeteors).  The  primary  gases  that  affect  millimeter  waves 
are  water  vapor  and  oxygen.  Gaseous  absorption  varies  with  millimeter  wave  fiequency,  atmospheric 
pressure,  temperature,  and  absolute  tumidity. 

The  primary  particulate  matters  that  effect  millimeter  waves  are  dust,  smog,  and  smoke  particles. 
Because  these  particles  have  dielectric  constants  much  smaller  than  the  dielectric  constant  of  water 
droplets,  their  attenuation  cross  section  is  small.  Thus  particulate  matter  las  a negligible  effect 
on  millimeter  waves. 

The  primary  hydrometeors  that  affect  millimeter  waves  are  rain,  cloud  droplets,  hail,  fog,  and  snow. 

Of  these,  rain  has  the  most  significant  effect.  Suspended  water  droplets  and  rain  cause  absorption  of 
millimeter  waves  that  exceeds  that  causer!  by  the  combination  of  water  vapx>r  and  oxygen  (gaseous 
absorption  in  the  non-resonant  frequency  region).  Rain  absorption  is  a function  of  rain  rate,  drop 
size,  drop  size  distribution,  temperature,  frequency,  and  piath  length.  Cloud  droplets  and  fog 
attenuate  millimeter  waves  in  the  same  manner  as  rain,  but  the  amount  of  attenuation  is  generally  much 
less  than  that  due  to  rain.  Dry  snow  produces  very  small  attenuation  except  at  very  heavy  snow-fall 
rates. 

In  a clear,  non-precipitating  atmosphere,  gaseous  water  vapxn  and  oxygen  are  the  major  absorber s of 
millimeter  waves.  The  attenuation  functional  dependencies  ate  determined  by  the  atmoapihei  ic 
parameters  of  temperature  and  pressure.  In  the  atmosphere,  the  values  of  these  parameters  will  depend 
on  altitude  ami  prevailing  weather  conditions.  For  oxygen,  the  pressure  pvuametei  depends  not  only  on 
altitude,  but  also  on  the  himidity  at  the  altitude  beinq  considered.  Fiqure  1 illustrates  typical 
millimeter  wave  attenuation  characteristics  due  to  the  combinat  ion  of  oxygen  and  water  vapxrt  for 
representative  relative  himidity  values  at  standard  sea  level  altitude. 
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In  a piecipitat inq  atmosphere,  liquid  water  ia  the  major  abaorber  of  millimeter  waves,  ft 
piecipitat  inq  atmosphere  comprises  lain,  fog,  snow,  and  hail.  Of  these,  rain  has  the  most  significant 
effect  on  millimeter  waves.  CVer  the  past  10  yeata,  many  people  Milking  in  both  radar  .uni  meteotology 
have  irvxle  calculations  at  t empt  inq  to  model  rain  and  determine  the  pioperties  of  electromagnetic 
abruption  ami  scattering  by  raindrops.  Adjustments  have  been  made  in  the  models  employed  to  account 
tor  such  parameters  as  drop  shape;  the  dielectric  constant,  which  is  a function  of  temperature  and 
frequency;  frequency  of  rncident  pov*>i  ; type  of  tain  (drop  size  distributions:  type  and  location  of 
tain,  such  as  thunder  storms,  frontal  systems,  maritime  or  orographic  environment);  and  polarization  of 
incident  p>wei . Ckre  result  of  these  investigations  is  a general  lelat  ionship  between  the  rain  rate 
arxl  t lie  absorption  anti  scattering  pioperties.  Hie  usual  presentation  shows  both  the  radar 
cross-section  .uni  attenuation  to  increase  as  the  rain  rate  increases. 


Absot  ton  ot  millimeter  waves  by  water  droplets  is  proportional  to  the  size  of  the  droplets, 
absorption  cross-sect  ion  ot  a water  droplet  is  generally  expressed  as  follows: 


wfiere;  8 • 2«  r/i  f 

V » wavelength  of  the  millimeter  wave 
r • radius  of  the  dioplet 
m • complex  uxfex  of  refraction  of  water 
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Equation  1 is  valid  to  within  0.5  dB  for  droplets  having  a radius  less  than  0.06  times  the  wavelength 
(i.e.,  0.49  nin  for  IS  GHz  anil  0.18  mu  for  95  GHz).  Droplets  having  a radius  less  than  0.1  mm  are 
considered  non-precipitating,  and  tlieir  absorpt ion  cross-section  is  more  than  10  times  their 
scattering  cross-section  at  these  frequencies.  Ihe  absorption  of  millimeter  waves  by  rain  in  a 
particular  storm,  therefore,  depends  on  the  nature  of  the  storm  itself  and  consequently  on  how  the 
rainfall  rates  and  drop  sizes  are  distributed. 


Extensive  data  (CURRIE,  N.  C. , DYER,  E.  B.  aixi  HAYES , R.  D. , 1875;  OJUARD,  S.  L. , 1970;  SEMPLAK,  R.  A. 
.iixl  H1HRIN,  R.  H. , 19t»9 ; 1PRH.1TO,  L.  J.,  1970;  KERR,  E. , ed.,  1951;  RICHARD,  V.  W. , 1976)  have  been 
generated  concerning  rain  attenuation  of  mill imeter  waves  and  radar  performance  in  rain.  In  general, 
a one  way  attenuation  of  1 dBkrn  1 Miuld  reduce  the  radar  range  of  a system  from  10  nautical  miles  in 
clear  ait  to  approximately  5.4  nautical  miles  (LO,  L.  T. , E ANNIN,  B.  M.  arxl  STRA1TON,  A.  W. , 1975). 
Typical  values  ot  rain  attenuation  range  from  4 dB  km'1  at  15  GHz  and  9.1  dB  km'1  at  95  GHz  for  a 16 
mu  hr "l  (heavy)  rainfall  to  0.24  dB  km'  at  15  GHz  and  0.95  dB  km  1 at  95  GHz  for  1 rnn  hr'1  (very 
light)  rainfall  (RICHARD,  V.  W.  anil  KAMMKRER,  J.  E. , 1975). 

Typical  value's  of  fog  attenuation  at  15  aril  95  GHz,  respectively,  tange  from  0.11  and  0.47  dB  km-1  at 
0*C  to  0.014  aixi  0.22  dll  km'1  at  40“C  for  a fog  with  0.1  gm  m'1  liquid  water  (150  - 250  m optical 
visibility  (ID,  l,.  T. , E ANN  IN,  B.  M.  and  STRAIH1N,  A.  W. , 1975). 


Atte'nuation  in  the  millimeter  windows  by  clouds  of  various  types  has  been  thoroughly  treated  by  Lo  et 
al  (Al.TYiHUl.ER,  E.  E.  aixi  EBHDGUI,  D.  B. , 1976).  They  report  average  attenuation  of  0.18  and  0.61  dB 
in  stratocimulus  and  0.2  and  0.14  dB  in  cumulus  at  15  and  95  GHz,  respectively. 

1. united  calculations  and  meaaui eme'nt s of  attenuation  in  fallinq  snow  indicate  that  attenuation  by  dry 
snow  is  much  le'ss  than  that  of  tain  having  an  equivalent  water  content,  except  at  the  shortest 
wavelengths  in  the  millimeter  region.  Attenuation  by  wet  snow  is  more  significant,  particularly  in 
the  melting  region,  where  water-coated  snowflakes  yield  baekseattering  5 to  10  dB  greater  than  that  of 
the  rain  below.  Backscatter  measurements  by  McCormick  and  Hendry  (MCCORMICK,  G.  C.  and  HENDRY,  A., 
1975)  Indicate  that  the  radar  "bright  hand"  at  the  melting  level  may  be  less  distinct  at  16.5  GHz  than 
at  lower  microwave  frequencies.  The  absorption  and  backscatter  characteristics  of  the  melting  level 
have  not  been  documented  at  higher  frequencies.  Absorption  and  scattering  when  hail  is  present  is 
convatable  to  or  larger  than  that  due  to  rain  alone.  The  magnitude  depends  stronqly  on  the  sizes  arxl 
shapes  of  the  hailstones  and  on  the  presence  and  thickness  of  a water  coating. 

Particulate  matter  in  the  atmospheie  has  little  effect  on  millimeter  waves.  Dust,  smog,  and  atioke 
par  tides  have  dielectric  constants  that  are  small  compared  to  that  of  water  droplets,  hence  they  have 
negligible  effect  on  mi  1 1 imeter -wave  propagation,  ice  crystals  in  clouds  cause  attenuation 
|iai  t icularly  near  the  melting  level;  however,  few  data  have  been  reported. 

Atmospheric  scattering  is  associated  with  atmospheric  absorption;  both  are  caused  by  the  interaction 
of  electromagnetic  waves  with  atmospher ic  matter  (i.e.,  qases,  hydrometeors,  and  particulate  matter. 
Scattering  arxl  absorption  both  cause  attenuation  of  an  incident  eleetrcmaqnet ic  wave,  but  the 
mechanisms  differ.  Absorption  is  a quant  im  effect,  but  scattering  can  he  explained  in  terms  of  the 
wave  energy  loss  due  to  scattering  is  a function  of  wavelength  arxl  particle  size. 

Calculations  on  the  backseat tered  radiation  from  fog  arxl  clouds  reveal  that  the  energy  returned  to  the 
receiver  as  noise  is  more  than  two  orders  of  magnitude  smaller  than  from  tain  (ID,  L.  T. , FANNIN,  B. 

M.  arxl  SrRAITViN,  A.  W.,  1975;  LUKES,  G.  D. , 1968).  Hence,  backscatter  range  reduction  from  fog  and 
clouds  can  be  ignored. 


A stixly  was  cixxlucted  by  BBS  and  the  Ballistic  Research  Laboratories,  Aberdeen,  Maryland  to  measure 
millimeter  rain  backscatter  (CURRIE,  N.  C. , DYER.  F.  B.  ami  HAYES,  R.  0.,  1975;  RICHARD,  V.  W.  ami 
KAfflEKER , J.  fi.  , 1975).  Simultaneous  measurements  were  made  of  rain  hackscatter  at  10,  15,  70  arxl  95 
tJlz  tor  vertical  ami  circular  polar izat ions.  Hie  basic  results  are  indicated  in  Tables  2 arxl  J.  As 
can  he  seen  fiom  the  Tables,  the  polarization  of  the  incident  wave  is  important  in  terms  of  the  degree 
of  backscatter  due  to  the  differential  scattering  hy  nonsphet  ical  rain  drops.  Hie  circularly 


polaiized  signals  weie  seen  to  he  10  to  IS  dB  lov*?i  in  backscatter  magnitude  as  was  the  rain  rate.  In 
fact , variations  of  • S dB  were  obtained  in  the  data  when  plotter!  as  a function  of  rain  tate  without 
consider tnq  drop  size. 

2.2  Background  Effects 

Radar  performance  can  ho  1 inuted  hy  interference  from  the  background  neat  a tarqet  of  interest  in 
addition  to  atmospheric  effects.  The  interfering  area  can  include  snow-covered  qtound,  trees,  grassy 
fields,  anil  the  sea  surface.  Measurements  have  been  performed  hy  EES  to  characterize  the  reflectivity 
of  these  types  of  background  over  the  last  several  years  and  tin-  results  ate  sutmvrr  ized  in  Tables  2 
through  5 (DYER,  F.  b.,  CURRIE,  N.  C.  and  APPLEGATE,  M.  S. , 1977).  Tables  2 and  3 give  average  values 
of  o*  for  larel  am!  sea  backseat  ter  respectively  while  Tables  4 and  5 give  standard  deviations  tor  the 
Lux!  arx!  sea  data  assmting  log-normal  distributions.  (Clutter  is  generally  log-normal  for  the  anal  1 
antenna  spot  sizes  encountered  at  millimeter  waves.)  Table  4 shows  that  the  average  reflectivity  (o’l 
of  tries,  grass,  arx!  snow  increases  with  decreasing  wavelength  and  increasing  depression  angle.  It 
alixi  shows  that  crusted  snow  (that  is,  snow  which  has  melted  arx!  refrozen)  gives  the  highest  return  of 
the  three  types  of  clutter  listtx!  in  the  table  at  B.6  nro  arx!  below  while  at  longer  wavelengths  (3.2 
cm)  dry  trees  have  the  highest  reflectivity.  Table  5 shows  that  the  trend  of  increasing  reflectivity 
with  decreasing  wavelength  also  holds  for  sea  clutter  although  the  effect  is  rxit  nearly  as  pronounced 
as  for  land  clutter,  arx!  for  higher  sea  states  the  reflectivity  at  3 mn  wavelength  is  less  than  that 
at  3 cm  wavelength.  The  values  for  a"  do  correlate  strongly  with  wave  height  arx!  to  a lesser  degree 
with  wind  speed.  Tables  6 and  7 qive  typical  values  of  standard  deviations  for  various  types  of 
clutter.  Briefly,  for  land  clutter,  the  standard  deviation  increases  with  decreasing  wavelength.  For 
siM  clutter,  the  standard  deviation  decreases  with  decreasing  wavelength. 

2.3  Ground-Cover  Attenuation 

In  addition  to  backscatter ing  energy  which  interferes  with  detection  of  a target,  certain  typos  of 
ground  cover  such  as  foliage  or  snow  cun  attenuate  millimeter  wave  energy  so  that  a target  is  masktx! 
by  this  cover.  Measurement  programs  wete  conducted  to  measure  the  attenuation  proper t ies  of  foliage 
-uxl  snow  at  millimeter  wavelengths  aix!  the  results  ate  sumnarized  in  Tables  8 arx!  4.  (CURRIE,  N.  U. , 
DYER,  F.  B.  arx!  EWELL,  G.  W. , 1976;  CURRIE,  N.  C. , DYER,  F.  B.  AND  MARTIN,  E.  E. , 1976;  CURRIE,  N.  C. 
•INI'  fkiRTt'N,  T.  M. , 1477).  As  can  bo  seen  from  the  figures,  very  little  penetration  would  he  achieved 
through  either  foliated  trees  or  through  snow  at  35  C.itz  arx!  above. 

I.  CLWTER  EFFECTS  on  system  parameter  choice 

The  ultimate  weight  and  size  of  a radat  will  depend  very  strongly  on  the  frequency  of  operation,  as 
both  component  size  arx!  pxiwei  consumption  vary  inversely  with  frequency  (for  a given  upper  hound  of 
per  for  mance) . The  choice  ol  operating  frequency  depends  on  a numbei  of  factors,  including  allowable 
antenna  aperture,  m.iximun  range,  weather  performance,  anticipated  target-to-clutter  ratios,  arx!  the 
anticipated  processing  gains  which  may  be  obtained  with  that  choice.  The  key  factor  in  system  sizing 
considered  here  is  the  behavior  of  the  target-to-clutter  ratio  as  a function  of  frequency. 

Although  a limited  quantity  of  eomparat ive  data  is  available  in  the  literature  on  the  cross-sect  ion  of 
vat  ious  man-made  targets  (HAYES,  R.  D.  arx!  DYER,  F.  H. , 1973)a  nimher  of  independent  investigations 
have  been  made  by  EES  of  target  returns  at  the  various  frequencies  of  interest  here.  The  general 
tendency  aeon  in  such  data  is  for  the  effective  cross-sections  of  vehicles,  buildings,  atxi  personnel 
to  ho  approximately  independent  of  frequency  above  9 GHz.  The  assumption  user!  below  is  that  target 
cross-sect  ion  is  not  frequency  dependent. 

Normally  the  initial  question  to  lx-  answered  in  any  system  study  is  the  effect  of  frequency  scaling  on 
maximum  detection  range.  The  overall  consideration  includes,  of  course,  any  physical  constraints  of 
the  platform,  application,  etc.  It  is  necessary  to  establish  .in  acceptable  set  of  ground  rules  for 
such  a comparison;  however,  the  detailed  treatment  of  such  a comparison  is  beyond  the  9cope  of  this 
pap>er . General  considerations  for  guiding  the  comparison  of  frequency  effects  of  system  parameters 
can  be  found  in  several  radar  handbooks  (SKOLNIK,  M.  I.  (ed.)  1970;  NATHANSON , E.  E. , 1469).  Given  a 
knowledge  of  available  transmitter  powet , receiver  noise  fiqure,  arx!  losses  as  a function  of  frequency 
it  is  possible  to  make  order -of -magnitude  performance  ccmpar isons  which  will  bound  the  ant icipatrd 
system  capability. 

The  frequency  dependence  of  clutter  on  radar  system  performance  can  be  illustrator!  by  defining  three 
radar  systems  differing  only  in  frequency  as  shown  by  Table  10.  Figures  2 through  4 show  the 
equivalent  average  siqnal-to-clutter ratios  as  functions' of  range  for  land  clutter,  sea  clutter,  and 
rain  clutter  assuming  a +10  dBsn  constant  target,  a -10  dBsm  constant  target,  and  a 0 dRam  constant 
target  respectively.  (These  target  sizes  are  typical  of  those  which  would  be  encountered  for  each 
type  of  environment.)  The  target-to-clutter  ratios  indicated  are  independent  of  transmitted  power 
(assuming  that  the  signals  are  not  in  the  noise)  and  are  dependent  only  on  aperture  size,  frequency, 
pulse  lenqth  and  reflectivity  of  the  clutter  ( o or  n) . 

The  problem  of  radar  detection  in  clutter  is  further  complicated  by  the  statistical  nature  of  the 
returns  frem  targets  and  clutter.  Investigations  described  in  References  HAYES,  R.  D.  and  DYER,  F. 

B. ,  1973;  DYER,  F.  B. , GARY,  M.  J.  and  EWELL,  G.  W. , 1974)  HAYES,  R.  D. , DYER,  F.  B.  and  CURRIE,  N. 

C. ,  1976;  arx!  CURRIE,  N.  C.,  DYER,  F.  B.  and  HAYES,  R.  D. , 1975  sugqest  that  often  experimental 
amplitude  distributions  behave  as  loq-normal  distributions  with  large  standard  deviation.  Exanple 
sets  of  Receiver  Cperating  Characteristic  curves  are  shown  in  Figures  5 and  6.  While  these  figures 
are  idealized  they  serve  to  illustrate  the  impact  on  the  detection  problem  which  results  when  the 
extension  is  made  from  a non-f luctuat inq  target  in  receiver  (Rayleigh)  noise  to  the  case  of 
log-normally  distributed  clutter  and  targets. 
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KOI  example,  consider  the  diffeienoe  in  performance  due  only  to  the  clutter  background  which  is 
impl  ted  in  the  cumtwu  iaon  of  Fiqurea  5 aid  6.  Foi  a falae  alaim  rate  of  10'”,  the  required 
aignal-to-backgroud  clutter  ia  similar  to  thoae  discussed  above.  Figure  6 alao  illuatratea  the 
vjreatly  reduced  possibility  of  achieving  very  high  probabil it iea  of  detection  when  returns  from  both 
target  aid  background  ate  log-normally  distr  ibuted.  If  a probability  of  detection  of  B0»  ia  required 
with  a falae-alaim  probability  of  10"*,  a clutter  background  of  trees  (for  example)  , and  a moderately 
fluctuating  target,  tlien  a target  cross  section  of  20  dHsn  or  more  will  be  required  for  the  example 
radars  illustrated  in  Table  10. 

4.  CONCLUSIONS  AMI  RBCONHHOATIONS 

It  should  tie  concluded  from  these  discussions  that  operation  in  the  millimeter  wave  region  offers  a 
lumber  of  potential  advantages,  principally  anal  1 sue  and  weight,  but  at  the  same  time,  systems 
analysts  is  complicated  by  the  lelatively  anall  and  inconsistent  data  base  **iich  exists  for  systems 
operating  at  these  frequencies.  This  is  in  spite  of  the  systematic  efforts  of  a number  of 
invest igatots. 

A few  comprehensive  surveys  of  available  data  on  reflectivity  at  millimeter  wavelengths  have 
appeared — tor  example,  HAVES,  R.  D.  and  OYER,  F.  B. , 1973.  In  addition,  some  additional  data  appear 
in  SKUN1K,  M.  I.  (ed.) , 1970;  NATOANtklN , E.  E. , 1969;  and  LONG,  M,  W. , 1975.  Uhfortunately , 
examination  of  these  data  indicates  that  the  amount  of  variety  of  data  decreases  strongly  as  frequency 
tnei eases  above  10  GHz. 

Much  of  the  data  available  at  frequencies  above  10  GHz  suffers  from  being  taken  under  widely  varying 
cord  it  ions , using  systems  having  widely  varying  parameters,  thus  makinq  meaningful  compai  isons  of  the 
lesults  difficult.  Peitiape  the  most  obvious  deficiencies  in  the  data  involve  the  lack  of  measurements 
taken  using  coherent  systems  or  short  pulse  (less  than  20  ns)  systems,  and  the  lack  of  exploration  of 
pal  at  1 xatjon  aixi  frequency  as  variable  parameters.  Much  of  the  data  which  ate  available  are  presented 
as  avetagtd,  highly  processed  information;  considerably  more  useful  are  more  "dynamic"  or  less 
processed  information  such  as  amplitude  distributions,  power  density  spectra,  or  temporal  correlation 
funct ions. 

the  data  liase  for  ground  clutter  needs  to  be  expanded  to  include:  trees  at  grazing  incidence,  tree 
lines  and  fields,  roads,  buildings,  rivets,  and  lak  s.  Some  significant  variable  parameters  will 
include  the  amount  of  surface  water,  wind  speed,  foliage  content,  bistatic  angle  (where  appropriate), 
aid  specific  geometries  of  the  target  and  the  antenna  axis. 

Similarly,  the  atmospheric  propagation  path  requires  additional  data  to  fully  describe  backscatter, 
attenuation,  ami  refraction  for  paths  containing  fog,  clouds,  snow,  rain,  and  ice.  Some  of  the  more 
inpxu  tant  pwitameteta  for  these  measurements  will  include  characterization  over  the  entire  path  length 
of  relative  (or  absolute)  humidity,  dtop-srze  distribution,  water  content,  and  location  of  water 
(i.e.,  whether  water  coated  ice,  ice  in  fog  or  ice  in  cloud). 

In  particular,  recent  tain  attenuation  and  backscatter  measurements  have  pointed  out  the  need  to 
attenpt  simultaneous  meaaut anent s at  70,  95,  140  and  230  GHz  in  order  to  resolve  some  serious  model ing 
questions,  particulatly  the  Mie  scattering  problem.  Of  particular  interest  during  these  measurements 
would  tv  iletailed  chai  acter  izat  ion  of  diop-size  distributions,  dielectric  properties  of  the  individual 
drops,  and  relative  humility — all  throughout  the  transmission  path. 

Hie  problem  of  target  character ization,  particularly  of  motorized  vehicles,  is  as  significant,  and  no 
less  difficult,  as  the  problem  of  characterizing  the  environment.  Particularly  for  the  active  radar 
case,  the  geometrical  sensitivity  of  the  backscatter ing  from  the  target  makes  a three-dimensional 
description  of  the  reflectivity  desirable.  Hie  influence  of  suiface  coatings  such  as  snow,  ice,  or 
water  on  the  target  return  requites  detailed  attention  to  the  dielectric  properties  of  the  coating, 
suiface  roughness,  aid  possible  influence  on  specular  reflection  properties.  Possibly  the  exploi- 
tation of  polarization  or  frequency  properties  of  reflectivity  would  prove  useful;  however,  no  valid 
data  base  exists  in  the  millimeter  reqion.  Bistatic  behavior  of  tarqets  and  clutter  is  also  a matter 
which  should  receive  attention  since  little  or  no  definitive  work  has  been  done  on  this  aspect  of  the 
reflectivity  problem,  especially  at  the  millimeter  wavelenqths. 
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DISCUSSION 


E.P.Baars.  FRG 

Given  signal-to-clutter  ratios  over  a range  of  30  to  10.000  m as  straight  lines  in  log-log  scaling  (Figs  3 and  41,  how  are 
the  dimensions  of  the  clutter  cell  calculated  for  near  field  returns? 

Author's  Reply 

The  target-to-clutter  values  shown  are  intended  simply  to  allow  comparison  of  frequency  effects  on  target-to-clutter 
ratios.  As  such,  factors  such  as  near  field  effects  and  propagation  effects  were  ignored.  However,  the  curves  can  he 
used  to  obtain  "ballpark"  values  for  system  applications.  The  tables  in  the  paper  contain  the  accurate  values  of  a° 
obtained  for  the  various  types  of  clutter  and  can  be  used  to  calculate  more  accurate  estimates  of  signal-to-clutter 
ratios.  To  be  of  use,  however,  the  standard  deviations  should  be  used  which  are  listed  in  the  paper  to  calculate  the 
clutter  distributions.  Also,  some  type  of  fluctuating  target  model  should  be  used  to  achieve  realistic  estimates  of 
target  detectability  in  clutter. 


R.P.Moore,  US 

Have  measurements  been  made  or  have  you  considered: 

(II  the  structure  and  inhomogenities  in  adverse  weather  atmosphere 

(2)  the  geographical  variations  of  ground  clutter  affecting  both  its  amplitude  and  statistical  characteristics. 

Both  of  these  factors  are  extremely  important  in  determining  effects  of  environment  on  performance  as  they  deter- 
mine the  percentage  of  the  time  that  the  systems  can  operate  and  the  percentage  of  areas  that  can  be  covered  as  a 
function  of  performance,  ('alculations  assuming  uniform  atmospheres  or,  as  you  pointed  out,  mean  values  can  give 
descriptive  answers. 

Author's  Reply 

( 1 1 The  inhomogenity  of  the  atmosphere  is  known  to  be  a problem.  However,  we  have  not  been  funded  to  look 
into  the  problem.  However,  during  an  experiment  to  measure  rain  backscattcr  at  mm  wavelengths  in  1474 
( Reference  B in  the  paperl  rain  drop  si/e  distributions  were  recorded  and  analv/ed  for  short  intervals.  It 
was  determined  that  the  drop  size  distributions  varied  widely  over  short  time  intervals  (at  least  for  the  type  of 
ram  encountered  which  were  mainly  localized  thunderstorms)  and  that  the  reflectivity  depended  as  strongly 
on  the  dropsi/e  distribution  as  on  the  rain  rate. 


We  are  aware  of  the  possible  effects  on  clutter  reflectivity  characteristics  of  different  geographies.  For  this 
reason,  present  and  future  measurement  programs  in  which  we  are  participating  or  expect  to  participate  in 
include  measurement  of  the  reflectivity  of  snow,  land  and  the  sea  at  several  sites  both  in  CONUS  and  in  Europe. 
Also,  attempts  are  being  made  to  characterize  the  environment  at  each  site  so  that  reflectivity  differences  can 
be  explained.  These  efforts  need  to  be  expanded  to  include  other  scenarios  not  included  in  the  present 
program  plans.  An  example  of  our  interest  in  this  problem  is  presented  in  References  S and  6 in  which  we 
define  a new  approach  to  the  characterisation  ol  foliage  path  thickness  for  the  purpose  of  providing  a more 
uniform  way  of  comparing  results  for  foliage  penetration  measurements  obtained  in  different  regions  of  the 
world. 


4 


? 


FAISCEAU  HERTZIEN  MILLIMETRIQUE 
par 

Jean  Pierre  Dehaene 

lngenteur  a la  Division  Faisceau  Hertzien  de  la  Thomson  (SI 
55,  rue  Greffulhe  4J.ro  1 Levallois  Perret 
France 


RESUME 

Dans  le  domaine  des  ondes  millimetriques,  ('evolution  des  performances  des  composants  de  base  tels  que  les 
generateurs  a IV  tat  solid e,  offre  un  nouvel  eventail  de  possibilites  aux  liaisons  hertziennes.  Cette  presentation  a pour 
objet  de  decrire  un  faisceau  hertzien  fonctionnant  dans  la  bande  5b  38  GHz  ainsi  que  la  raison  des  choix  techniques  et 
technologiques  qui  ont  pertnis  d’y  aboutir. 

La  motivation  premiere  dans  Elaboration  d’un  materiel  est  son  ou  ses  applications  possibles.  Ces  dernieres  pour  un 
faisceau  hertzien  millimetrique,  sont  liees  aux  caracteristiques  propres  a la  longueur  d’onde: 

bande  disponible 

courte  portce  (influence  de  la  pluie)  5 a 10  Km 
directivity  des  faisceaux 

faible  encombrement  (notamment  des  aeriens) 

Ces  caracteristiques  nous  ont  orientes  vers  la  conception  d’un  faisceau  hertzien  mobile  de  courte  portee.  analogique 
et  numerique.  Les  applications  dans  le  domaine  rnilitaire  s’entendent  du  deport  d'un  multiplex  radar  en  ce  qui  conceme 
la  version  analogique  a la  transmission  d'un  multiplex  2 ou  8 Mbit/s  (voies  ou  videophone)  sur  une  base,  dans  une  zone 
urbaine. 

Les  imperatifs  economiques  nous  ont  amenes  a mettre  en  oeuvre  des  techniques  de  transmission  assurant  un  bon 
compromis  avec  les  perfonnances  techniques  rechervhees. 

Deux  choix  principaux  ont  orient*.1  la  conception  du  faisceau: 
utilisation  de  sources  GUNN  a generation  directe 

modulation  directe  de  frequence  a 1'emission  de  la  source  GUNN  par  l’intermediaire  d’un  varactoi  couple  a sa 
cavite. 

Le  premier  choix  est  essentiellement  d'ordre  economique.  II  a pour  consequence  un  aceroissement  de  ('occupation 
spectrale  lie  aux  derives  des  oscillateurs  (temperature  partiellement  stabilised.  rendu  possible  par  la  bande  disponible. 

La  modulation  directe  de  frequence  de  la  source  emission  repond  aux  exigences: 


■ economique  simplicile 

compatibilite  analogique/numerique 

• techniques  — ""  perfonnance  en  transmission  numerique 


La  modulation  de  frequence  dans  la  version  numerique  est  utilisee  par  un  codage  particulier  com  me  methode  pour 
realiser  I'equivalent  d'une  modulation  a saut  de  phase  avec  mise  en  forme  spectrale.  Ce  precede  baptise  FM, 'WALSH 
permet  en  reception  une  demodulation  coherence  de  phase  identique  a celle  d'un  PSk  20.  simplifies-  du  tail  de  la 
presence  dans  le  spectre  emis  de  la  portcusc  de  reference.  Les  perfonnances  sont  done  celles  d'un  CPSk  20. 

Une  maquette  dans  une  version  numerique  a 8 Mbit/s  a fait  I'objet  d’une  experimentation  de  transmission  durant 
une  an  nee  dans  la  region  parisienne  (releve  de  champ  et  pluviometrie). 

Une  prototype  de  faisceau  hertzien  mobile  accordable  dans  la  bande  3b  38  GHz  est  actuellement  en  cours  de 
realisation  pour  une  version  analogique  et  numerique  avec  en  particulier  le  developpement  de  source  GUNN  (100  mW  de 
3b  5 38  GHz  par  accord  tm/canique)  et  d'antenne  (CASSEGRAIN  40  dB). 
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Co  clioix  ilcs  caractcristiqucs  d'un  svsloine  do  transmission  rcsulte  hahitucllcmcnt  d'un  compromis  outre  lo  oout  du 
nutoriol  ol  Ion  pcrlormanccs  attoiuluoN  On  distingue  principulemcnt 


tv  po  do  signaux  a transmottro 
agilile  on  frequence 
bilan  do  liaison  portoo 
bunde  occupee 
directiv  ito 


modo  d 'exploitation 
performances  techniques 


Lon  applications  potontiollos  d'un  faisceau  herl/ien  on  ondos  millmiotnqnes  (liaisons  urhainos,  deport  do  base  l 
nous  out  oriontos  \ers  la  conception  d'un  taisooau  simple,  mobile,  salisfaisant  aux  oxijtonooN  ooononiu|uoN  do  oo  tv  po 
d applications  I n oo  qui  conccrnc  Ion  porlorinanoos  attondi  nos  objectifs  prinoipaux  otaient 

transmission  analogique  (video)  ot  numcriquo(2  Mbit  si 
agilite  on  frequence  (3b  48  011/) 
performance  du  modem  teas  numenquo) 

Notre  clioix  s'est  lixo  sur  un  sv  slerno  do  modulation  directe  a remission  utilisant  dos  sources  GUNN.  non  pilotoos 
par  quart/  qui  alliont  .i  la  fois  la  siniplioito  tcoiit  faiblel  ot  la  performance  du  point  do  sue  puissance  disputable  .i 
remission  ot  agilile  on  frequence.  Tour  ropondro  a la  oompatibilito  numerique-nnulogiquo.  la  modulation  do  frequence  a 
etc  ohoisio  Idle  ost  do  plus  aisee  -i  roalisor  (varactor  couple  a uno  cavite  (IlNNl  d'ou  simplicito  do  I'equipomont.  I n co 
qui  eoncerno  la  performance  on  transmission  numorique.  lo  procedo  KM  \\  U.S1I  II  utilisant  .i  remission  la  modulation 
do  trequenco  rend  la  performance  du  modem  comparable  a cello  d'uno  modulation  I’SK  20 


II  MODULATION  KM  WALSH  I IT  II 

l o procedo  oonsisto  .i  utilisor  uno  modulation  do  frequence  coniine  metliodc  pour  roalisor  uno  modulation 
d'amplitudo  sur  deux  portouses  en  quadrature. 

Li  modulation  d'amplitudo  sur  deux  portouses  on  quadrature  englobe  on  eft'ot  la  pluparl  dos  systemes  do 
modulation  numenque  utilises  (2  phases  4 phases,  multiniveaux  . ..I. 

La  modulation  de  trequenco.  conime  nous  allons  lo  voir  pormot  d'v  aboutir,  ceci  par  un  choiv  iudicioux  dos 
"formes"  vie  symbolo  precedant  lo  modulateur. 

I'onsiderons  uno  porteuso  modulee  on  phase  ou  on  frequence 

S (t)  COS  (u>0  t - v?  (It). 

co0  . pulsation  de  la  I'requonco  porteuse. 
c (t).  phase  modulee  par  los  signaux  d'entreo 

stn  cos  (u)0  tt  cos y"  (O  sin  (w0  t)  sin  ^ (t). 

On  peut  done  considerer  que  l'on  a realise  tine  modulation  sur  deux  portouses  on  quadrature  par  los  trains 
cos  c (t).  sin  tt  > eorreles  do  maniere  .i  ce  que  la  resultante  soil  a enveloppo  oonstante. 

Ceci  peut  egalement  s interpreter  par  la  projection  du  vecteur  do  FRKSNl-'l.  ONI  sur  los  deux  axes  \ V tt'ig.  1 > 


Figure  I 


i 


Supposons  que  Ton  effectue  un  saut  de  frequence  Af  a 1'instant  t = 0: 

V>  (t)  = 2 it  f‘  Af  dt  + *0. 

Jo 

La  phase  varie  done  lineaircinent  et  les  deux  composantes  de  modulation  sur  les  deux  axes  en  quadrature  sont 
composees  d’arches  de  sinusoTde. 

MODULATION  FM  WALSH  I ET  II  - 

Considerons  les  deux  types  de  symboles  ci-dessous,  attaquant  un  modulateur  de  frequence: 


- t ► 


T ► 


"WALSH  I” 


Figure  2 


“WALSH  II” 


representant  le  “1”  logique  de  la  source  d’information,  obtenus  apres  codage  (les  “O”  etant  de  signes  opposes)  (fig.  2) 

La  denomination  WALSH  vient  de  ce  que  la  forme  de  ces  symboles  est  indentique  aux  fonctions  periodiques 
WALSH. 

Ces  signaux  attaquent  (e  modulateur  de  frequence  avec  des  excursions  telles  que  les  variations  de  phases  satisfassent 
a: 

, ir 
*(  DS  J 

Nous  allons  effectuer  la  decomposition  precedente  sur  les  deux  axes 

INTERPRETATION  - 

Pour  les  signaux  de  type  WALSH  1,  la  forme  de  signal  de  la  voie  Y est  constitute  d’une  demi  sinusoide  dont  le  signe 
depend  du  signal  binaire  de  la  source  d’information.  On  a done  equivalence  a une  modulation  deux  phases  ou  la  mise  en 
forme  par  filtrage  serait  telle  que  les  signaux  obtenus  aient  une  forme  sinusoidale  (fig.  3) 

Sur  la  voie  X,  on  a au  contraire  un  signal  periodique  (sinusoide  redressee)  ne  dependant  pas  de  l’information 
(fig.  3). 

On  a done  realise  une  modulation  d’amplitude  sur  deux  porteuses  en  quadrature: 

l’une  de  ces  porteuses  vthicule  l’information  proprement  dite  sous  la  forme  d’une  modulation  de  type  biphase 
a “mise  en  forme  sinusoidale”; 

l’autre  au  contraire  vthicule  une  information  periodique  comprenant  une  valeur  moyenne  generant  une  raie 
a la  frequence  porteuse  et  des  raies  aux  frequences  du  rythme  et  de  ses  harmoniques. 

Dans  le  cas  des  signaux  de  type  WALSH  II.  1’ihterpretation  est  identique  mais  conduit  a une  modulation  par  des 
signaux  de  type  biphase  “a  forme  sinusoidale”  sur  la  voie  Y et  une  information  periodique  sui  la  voie  X generant  de  la 
memc  fayon  une  raie  a la  frequence  porteuse  et  aux  harmoniques  du  rythme  double. 


WALSH  I 


WALSH  II 


T 


•I" 


T 


2ir.fc.~r  = — 


ft  2T 


Voie  Y 


spectre 


fc  7 = T 

i 


fC=T 


, Voie  Y 


Figure  3 


porteiise 

raie  rytlinie 


WALSH  I 


WALSH  II 


Figure  4 


Voie  X 


La  demodulation  d'unc  porteuse  ainsi  inodulee  pent  s’effectuer  de  fav'on  cohdrcnte.  II  suffit  dc  reeuperer  la 
frequence  porteuse  contenue  dans  le  spectre  a I’aide  d’une  boucle  de  phase  lock  pour  denunluler  la  voie  Y supportant 
I’information  (figures  4 et  5). 


dlmodulateur  coherent 
Figure  5 
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BILAN  de  LIAISON  - 

La  voie  Y emportant  (’information  proprement  dite  a une  energie  inferieure  de  3 dB  a celle  que  Ton  aurait  en 
modulation  a saut  de  phase. 

La  moitie  de  la  puissance  est  done  consacrec  a I'infonnation  de  porteuse  et  de  rythme. 

Cette  perte  apparente  sur  le  bilan  est  en  fait  compensee  par  la  technique  mise  en  oeuvre  pour  realiser  la  modulation 
dans  notre  application. 


OCCUPATION  SPECTRALE 

Le  probleme  de  I’occupation  spectrale  sc  pose  lorsque  Ton  veut  etablir  un  plan  de  frequence  pour  la  transmission  de 
canaux  dans  dcs  bandes  de  frequences  voisines.  Dans  le  cas  d'une  modulation  directe  a remission  notamment  en  onde 
millimetrique,  il  est  difficile,  voire  impossible  de  realiser  un  filtre  limitant  le  spectre  emis  pour  de  faibles  debits 
d'information.  C’est  done  le  spectre  obtenu  apres  modulation  et  plus  particuliercment  sa  decroissance  lointaine  qui 
determine  le  niveau  d'interference,  done  le  rapprochement  possible  des  canaux. 

Ce  probleme  important  est  examine  dans  I’annexe  jointe. 

Dans  le  cas  d’une  modulation  a saut  de  phase,  le  spectre  decroit  en  \/P  . Pour  les  deux  types  de  modulation 
decrits,  la  decroissance  est  en  1/f* . 11  apparait  egalement  dans  l’annexe  qu’un  choix  different  des  signaux  permettrait 
d’obtenir  une  decroissance  en  1/f6 . 


III.  DESCRIPTION  DU  FAISCEAU  HERTZIEN  MILLIMETRIQUE  - 
Description  generate 


La  figure  donne  le  synoptique  general  d’un  emetteur-recepteur  dans  sa  version  numerique  (equipements  analogiqucs 
en  pointille) 


L’antenne  de  type  CASSEGRAIN  est  equipee  de  deux  polarisations  lineaires  a 45°  (l’une  emission.  1’autre 
reception).  Cette  disposion  permet  de  rendre  physiquement  identiques  les  branchcmcnts  emission-reception  des 
extremites  d'une  liaison  bilaterale. 

L emission  est  essenticllement  constitute  d’un  oscillateur  GUNN  direct,  modulahle  en  frequence  par  un  varactor 
couple  a sa  cavite.  Le  signal  modulant  est  constituc  du  train  numerique  code  dans  la  version  numerique  ou  du  signal 
analogique  preaccentue  dans  la  version  analogiquc.  Les  oscillateurs  tiUNN  sont  thermostates  pour  assurer  une  stabilite 
suffisante  des  frequences.  En  reception,  I’ondc  refue  est  directement  convertie  3 70  MHz,  frequence  intermediate  de 
demodulation,  sans  suppression  de  frequence  image.  Le  signal  regu  est  ensuitc  demodule  par  discriminateur  pour  la 
version  analogiquc  ou  par  deinodulateur  coherent  dans  la  version  numerique. 

Une  fonction  AFC  est  effectuee  cn  reception  pour  assurer  un  centrage  permanent  de  la  frequence  intermediate, 
ceci  par  commande  de  t’O.L  Emission,  commandable  en  frequence.  L’information  de  commandc  est  fournie  par  le 
discriminateur  pour  la  version  analogique.  Dans  la  version  numtrique,  cette  fonction  est  en  fait  un  asservissement  en 
phase  sur  une  reference  en  frequence  intermediate. 
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MODEM  NUMEKIQUE 

La  modulation  utilise  le  proeedi*  I M/WALSII  II.  Le  modulateur  est  done  eonstitue  de  1’O.L.  GUNN  modulable  en 
frequence,  precede  d'un  codeur  charge  de  generer  les  sym boles  que  nous  avons  vu  prdeedemment. 

C'e  codeur  est  simple  puisqu’il  consiste  A additionner  modulo  2,  le  rythinc  retarde  d’un  quart  de  symbole  avec  le 
message  NR/  de  la  source  d'inforination. 


SYMBOLE 


RYTIIME 


J l_T 


© J — L 


L ’excursion  de  frequence  est  ajustee  pour  que  les  variations  Crete  de  phase  soient  voisines  de  ir/2  . 

On  peut  noler  d autre  part  que  le  signal  attaquant  le  modulateur  de  frequence  ne  necessite  pas  le  passage  du 
continu.  ( Le  code  n’a  pas  de  densite  a la  frequence  01. 

Le  demodulateur  est  de  type  coherent  40.  On  recupi're  par  filtrage  dans  une  boucle  de  phase,  la  raie  porteuse 
generee  dans  le  spectre  em is.  Cette  operation  est  en  fait  realisee  par  asservissement  de  I’O.L.  de  reception  sur  reference 
lixe  en  frequence  intermediate  pour  assurer  un  centrage  permanent  de  la  frequence  intermediate  L’O  L R ioue  alors 
le  role  de  VCO. 


II 


( v/.L. 

RECEPTION) 


REGENERATION 


Du  lait  de  la  quadrature  de  phase  entre  la  raie  porteuse  et  le  support  de  I’information,  I'information  apparait 
directement  en  sortie  du  comparateur  de  phase  (melangeur  en  anneau)  utilisee  dans  la  boucle  de  recuperation  porteuse. 

Le  message  1 ce  niveau  est  de  type  biphase.  II  est  transforme  en  ..ago  NR/,  par  demodulation  coherente  avec  le 
rythme.  En  effet,  un  message  biphase  est  une  modulation  coherente  d'un  signal  NR/,  par  son  propre  rythme. 

Ce  rythme  est  rtcupere  par  demodulation  de  la  voie  en  quadrature  (spectre  de  raies).  On  dispose  en  reality  du 
rythme  double  qui  aprts  filtrage  est  divise  par  2.  L'ambiguite  de  n mtroduite  sur  eette  seconde  demodulation  est  levee 
par  un  codage-deaxlage  transitionnel  effectuc1  \ remission  et  1 la  reception 

La  detection  de  la  voie  en  quadrature  permet  d'autre  part  d’extraire  I'information  continue  de  niveau  reyu,  utilisee 
Pour  la  commande  de  CAG.  Cette  fonction  est  utile  dans  la  mesure  ou  la  detection  de  CAG  normale  opdre  a large 
bande,  done  risque  d'etre  sensible  au  bruit  total  reyu.  Cette  composante  est  egalement  utilisee  pour  dedancher 
eventuellemcnt  une  recherche  en  cas  de  decrochage 

Les  equipemcnts  sont  disposes  dans  un  coffret  integre  A I'antenne  et  monte  sur  trepied. 
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I'rimipales  oiirjiferi.v/iqmw 
banjo 

iiain  Jos  aOncns 
Ihiissance  Omission 
facteur  Jo  bruit 

souil  Ju  JOmoJulatcur  numOriquc  a 10  4 
ttaux  d’crreuri 


,<(i  JS  till/  aooorJ  mooanu|uo  oontinu 
>40  JB 
100  mW 
< 14  J» 

(—  Jbamle  NYQIHSI  In  JB 

\ N ’ 


Nihil  ./<•  liaison  a \lhils/s 


Affaiblissomont  ospaoo  libro 

5 Km  i 58  CtHz 

US  JB 

( rr  1 temps  clair 

V ' 

122  JB 

m"' 

54  JB 

Margo  au  souil  par  temps  elan 

4.1  JB 

Comptc  tenu  J'un  JOcouplagc  Jo  40  JB  aux  aooi's  Omission  reception.  ot  J'uno  protection  J'mtorfOronoo  Jo  JO  JB 
(C/ll  roloignemont  Jos  frequences  Omission  rOooption  Joit  otre  lol  quo  I'affaiblissemont  Ju  spectre  soil  Jo  I 52  JB  pour 
la  moJuIation  WALSH  II  R.  tsoit  t'  II  2 X JOhit  Jo  transmission). 


CONCLUSION 

Nous  avons  oborchO  A monlror.  au  cours  vie  cotto  presentation  comment  on  pouvait  adaptor  los  caraotOristiquos 
J'un  systOmo  Jo  transmission,  oompto  tonu  Jo  I'Otat  Jo  1'art  Jo  la  technologic,  aux  exigences  tochnioo  Ooommnquos 

l.os  caraotOristiquos  Jo  transmission  on  omlos  millimOtriquos  (faiblcs  dimensions,  direct ivito  Jos  aorions  oourto 
portOel  font  Ju  faiscoau  hert/ien  millimOtriquo  un  Oquipomont  bion  aJaptO  aux  liaisons  typo  urbainos  ot  deports  Jo  base 

Nous  tenons  ;l  romorcior  lo  MinistOro  Jos  ArmOes  I ranyaisos qui.  par  sos  roprOsontants  Ju  S 1'  LA.  a permis  I'oludo 
ot  la  realisation  J'un  equipomont  faiscoau  horUion  millimOtriquo. 


A N N l X l 
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SPK'I  RI  S A L INFINI  I N MODULATIONS  NUMI  KIQUI  S 


I 'objet  Jo  ootlo  annexe  ost  d'oxammei  uu  cntero  simple  permcttanl  J'ovaluor  lo  spool ro  loin  Jo  la  portouso  d'uno 
c lasso  imporlaiilc  Jo  moJulalions  numoriqucs 

La  plupart  Jon  svstontos  Jo  modulation  numeriqnc  utilisos  pouvont  no  ramonor  a uno  nuHlulalion  J'anipliluJo  sut 
John  porloiiNON  on  quadrature  l otto  toprosoutation  engloblo  ega lomont  lo  oun  Jon  modulalcurs  Jo  frequence 

Noun  NuppoNotvMiN  Jono  quo  ohaouno  Jo  oon  John  porloiiNON  on  quadrature  ost  modulee  on  atnplituJo.  .i  portouso 
supprimeo.  par  un  signal  Jo  la  forme 

♦ N 

Ntll  ' 1.(1  II  • I t 

N 

Ml)  represcntc  lo  signal  lonstitue  de  ’N  n>  mho  Ion  emis  aux  tomps  t nl  ot  Jont  la  forme  ost  oaraotonooo  par  I'mJioo  i 
Nous  NiippoNoroiiN  J'autro  part  quo 

1,(1  > a, -lit) 

o’onI  a Jiro  Ioun  Ion  n\  inboloN  out  la  memo  "forme"  a uno  homotliolio  pri's  sur  lour  aiuplituJo  (a,  I 

Lo  ealeul  Ju  spectre  Jo  la  portouso  ainsi  moJuloo  on  aiuplituJo  so  rami' no  au  ealeul  Ju  spootro  Ju  signal  moJulant 
qm  pout  s‘o.\pnmor  sous  la  forme*  lorsque  N -•  «> 


l-Pl«?  tl'p,a,>,» 


f) 


i 


p,  prohabilito  a priori  d'appararition  Ju  symbole  (it, 
S( t > transforme  do  Fourier  de  t'(t). 


Lo  second  nombro  Jo  code  expression  fait  apparaitro  deux  tonnes: 


lo  premier  donno  un  spectre  contmu  no  JoponJant  quo  Jo 


Sift 


lo  second  ost  un  spootro  Jo  rates 
valour  moyo n no  nullo  (-p,a,  Ot, 

Cas  particulier  2 synibolos  symotriques  a,  il.p,  I 


Jont  I’onveloppo  Jopoiul  Jo 


Sift 


Co  dernier  ost  mil  si  lo  signal  ost  a 


'W(ft  = l 


S(f) 


l o oas  recouvre  los  modulations  - ot  4 phases. 

La  connaissance  Ju  spectre  so  ranu'no  done  it  revaluation  de  la  transformeo  do  Fourier  do  la  forme  du  synibolos. 
Sift.  Nous  allons  montror  on  utilisant  la  transformation  do  Laplace  do  fit  I qu’il  n’est  pas  necossairo  ro  d 'effect  uer  lo 
ealeul  do  S(l  l pour  connaitre  lo  spectre  loin  do  la  portouso  mats  quo  la  connaissance  des  discoiitinuites  pouvant 
apparaitro  on  derivant  t'ltt  sufl'it  pour  revaluation  Jo  co  spectre. 

Kappelons  pour  cola  certains  resultats  sur  la  transformation  Jo  l ai place  soil  f (t ) . uno  fonction  derivable  jusqu'd 
I’ordro  n I ot  possedant  des  derivees  continues  iusqu'il  1‘ordre  n I, 

Si  d'autro  part  la  dorivoo  d I’ordro  nf*"Vt)  possible  un  certain  nombro  de  discoiitinuites  aux  instants  I t^ 
d'amplitudc  11^  (Bjj  dosiguant  le  saut  Jo  t^  * d t^  4-  f)  on  partioulier. 
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Cette  mcthodo  simple  pernio  I uno  ovalu.iium  rapulo  Jn  spectre  loin  do  la  porleuso  avec  un  mimmum  do  oalcul. 

I Ho  osl  particulieromeiit  interossunte  dans  lo  oas  oil  I'lntegration  pai  lo  oalcul  direct  do  la  transformation  do  I ourier  no 
porniol  pas  I’expression  sous  la  forme  d'lino  formulo  atiulvliquo  exploitable. 


APPLICATION  AUX  MODULATIONS  FM  WALSH  ml 

Kappelons  quo  co  l>po  do  modulation  consiste  .i  modulor  on  frequence  un  oscillalour  pai  dos  signaux  do  "I'ornio 
Walsh  ml’  avec  des  excursions  do  frequence  Idles  quo  los  variations  extremes  do  phase  restent  comprises  outre  in’ 
La  decomposition  sur  deux  voios  on  quadrature  pormet  d'ohtenir  dos  formes  d'ondos  modulantos  consdtuoos  do 
tronyons  do  sinusoidos  (figure  I pour  Walsh  I ot  III 

Si  Ton  considoro  los  procedos  I'M  Walsh  I ot  II  (figure  1 1 la  modulation  osl  oquivalonte  respect ivomont  .i  uno 
modulation  d'ampliludo  .i  portouse  supprimoe  par  dos  signaux  do  t\  po  NK/  ot  biphase  a "forme  sinusoidalo". 

Lo  spectre  so  deduit  dos  resultats  precedents  ot  a uno  docroissanco  on  I f4 
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REVIEW  OF  TWO  DECADES  OF  EXPERIENCE 
BETWEEN  30  GHz ^AND  900  GHz  JN  THE 
DEVELOPMENT  OF  MODEL  RADAR  SYSTEMS 

L.A.  Cram  and  S.C.  Woolcock 
EMI  Electronics  Limited 
Wells,  Somerset,  England 

SUMMARY 

TViis  paper  discusses  the  purposes,  principles  and  methods  of  radar  scale  modelling  and  describes  the  several  different  types  of 
measuring  radar  which  ore  in  use  for  investigating  different  aspects  of  radar  scattering.  Interesting  variations  arise  in  these 
radars  when  adapted  for  use  at  sub-millimetre  wavelengths  where  optical  methods  are  used  in  component  and  system  design. 

Ih  any  facility  for  collecting  copious  and  diverse  data,  a foolproof  organization  is  required  to  ensure  that  any  erroneous  data 
are  recognized  and  rejected.  The  organization  of  data  collection,  and  the  processing  and  use  of  the  data,  are  a major 
aspect  of  the  work.  The  methods  by  which  these  data  are  simplified  without  loss  of  important  reflection  characteristics  is 
discussed  and  examples  of  the  remits  are  presented.  Finally  some  indication  is  given  of  likely  trends  in  future  developments 
of  the  meosuring  rodar  equipment. 

1.  INTRODUCTION 

A facility  for  modelling  radar  systems  to  obtain  detailed  data  on  scattering  characteristics  of  radar  targets  has  been  in  con- 
tinual use  in  the  United  Kingdom  for  the  last  two  decodes  (Cram,  L.A. , Woolcock,  S.C.,  Johnson,  R.H.,  1973; 

Cram,  L.A.,  Staveley,  J.R.,  1977).  Throughout  this  period  it  has  been  under  constant  development  to  extend  the  scope 
of  measurements  and  to  increase  the  range  of  radio  frequencies  available.  This  modelling  octivity  has  provided  continuing 
stimulus  to  the  advance  of  technologies  and  to  component  development  in  the  region  from  30  GHz  to  2 THz.  The  centre 
for  this  work  is  the  U.K.  National  Radio  Modelling  Facility  and  it  is  run  by  EMI  Electronics  Limited  for  the  MOD  and 
the  RSRE.  The  balanced  development  of  this  facility  is  the  outcome  of  the  total  involvement  of  EMI  Electronics  Limited 
in  all  aspects  of  the  work.  Our  interest  commenced  with  a need  to  design,  test  and  assess  new  operational  rodor  systems 
and  it  quickly  became  evident  that  the  target  reflection  characteristics  required  for  such  assessments  could  only  be  obtained 
in  sufficient  detail  by  modelling  methods. 

In  order  to  perform  modelling  at  scaled  wavelengths,  we  have  hod  to  develop  millimetre  radars  for  use  as  reliable  measuring 
instruments.  During  the  last  decade  we  have  also  been  working  with  sub-millimetre  radars.  Often  no  suitable  sources  or 
detectors  at  the  required  frequency  have  been  available  and  research  has  been  required  before  appropriate  components 
could  be  developed.  The  oim  hos  always  been  the  practical  one  of  obtaining,  in  the  most  economical  way,  target  scatter- 
ing information  needed  in  order  to  assess  the  behaviour  of  a full-scale  radar  in  operational  conditions.  Consequently,  con- 
siderable emphasis  has  been  given,  first  to  stability  and  reliability  in  the  measuring  equipment,  and,  second,  to  rapid  and 
economical  processing  of  the  data. 

Initial  measurements  were  made  in  1958  with  a non-coherent  pulsed  radar  at  35  GHz.  The  facility  has  by  now  been  extended 
to  cover  frequencies  over  three  decodes  from  800  MHz  to  890  GHz  by  means  of  more  than  30  different  specialized  radars. 

At  any  one  time  seven  of  these  radars  may  be  operating  without  mutual  interference.  Models  of  many  different  types  of 
target  have  now  been  mode  at  a wide  range  of  scaling  factors. 

2.  RADAR  TARGET  REFLECTION  CHARACTERISTICS 

Any  target  which  reflects  radar  power  imparts  several  characteristics  to  the  received  signal  which  may  be  of  considerable 
significance  to  the  operation  of  the  radar.  Signal  strength  is  on  obvious  feature  and,  if  this  is  inadequate  over  the  radar 
integration  period,  the  rodar  may  fail  to  detect  the  target.  The  target  aspect  may  not  be  constant  over  that  period  however 
and,  os  shown  in  figure  1 , the  signal  strength  from  o typical  aircraft  target  varies  rapidly  with  aspect  angle  and  may  change 
by  30  - 40  dB  with  very  small  angular  changes.  Furthermore,  even  if  the  signal  is  detected,  the  modulation  of  signal 
strength  as  the  aspect  of  the  target  changes  may  have  an  important  effect  on  the  operation  of  the  rodar,  and  the  frequency 
and  depth  of  this  modulation  would  then  be  of  significance. 

The  target  will  also  impart  doppler  frequency  and  radar  polarisation  characteristics  to  the  signal  and  some  radars  may  be 
sensitive  not  only  to  these  but  also  to  their  modulations  with  respect  to  time.  The  directionol  dato  derived  by  a rodar  can 
be  in  error  because  of  the  glinting  characteristics  of  the  target,  ond  the  radar  signal  can  even  appear  to  come  from  a point 
outside  the  envelope  of  the  target.  If  we  are  properly  to  assess  the  performance  of  a given  radar,  we  must  have  quantitative 
knowledge  of  all  such  target  characteristics. 

The  determination  and  use  of  rodor  scattering  characteristics  was  the  subject  of  Agard  lecture  series  No.  59  (L.A.  Cram, 
1973).  This  series  considered  three  methods  of  determining  the  data:  full-scale  trials,  calculation,  and  scale  modelling. 
While  each  method  was  found  to  be  useful,  it  is  only  through  scale  modelling  that  sufficient  data  can  be  obtained efficiently 
and  economically  in  order  to  permit  the  adequate  assessment  of  modern  radars. 

3.  METHODS  OF  RADAR  SCALE  MODELLING 

The  properties  of  electromagnetic  waves  are  such  that,  if  all  the  linear  dimensions  are  scaled  down  in  the  some  proportion 
S,  then  the  fields  will  be  of  the  same  form.  The  radar  backscatter  has  dimensions  of  area  and  hence,  in  the  modelled  sys- 
tem, the  backscatter  is  reduced  by  S^.  Radar  modelling  makes  use  of  these  scoling  properties;  an  accurate  scale  model  of 


*he  target  being  made  and  viewed  by  a radar  whose  wavelength  has  been  scaled  and  whose  modulation  parameters  have  also 
been  appropriately  scaled  by  the  same  factor  as  the  target.  Most  man-made  targets  ore  made  of  conductive  metals  01  of 
substantially  lossless  dielectrics  and  these  will  be  respectively  represented  in  the  model  by  lossless  metal  and  dielectric 
materials  of  the  same  dielectric  constant.  However,  if  the  target  does  contain  lossy  materials  in  its  outer  structure,  i.e. 
either  resistive  conductors  or  dielectrics  with  loss,  then  these  have  to  be  represented  in  the  model  by  more  highly  conducting 
materials.  This  is  because  electrical  resistance  has  length  dimensions  and  must  be  scaled  down  with  the  some  scalinq 
foe  tor  S . 


All  the  scattering  effects,  including  interterence  effects,  polarisation  effects  and  travelling  wave  phenomena  are  correctly 
represented  by  such  scale  modelling. 

Target  Model  Detai  Is  ^ 

Experience  has  shown  the  need  for  attention  to  detail  in  the  model  target.  Any  orifices  and  the  cavities  behind  them  are 
particularly  important,  as  are  those  internal  corners  which  cause  multiple  reflections.  As  an  example,  the  internal  parts  of 
a jet  engine  may'be  more  important  than  the  external  parts  of  the  aircraft  which  it  propels.  Likewise  an>  airscoops,  landing 
lights,  flaps  etc.  are  very  significant.  Signals  40  dB,  or  even  50  dB  down  on  peak  reflections  may  still  appreciably  affect 
the  performance  and  design  of  a radar.  Also  the  important  detail  of  the  backscatter  signal  is  usually  dependent  more  on  the 
multiple  small  features  than  on  the  gross  .features  of  the  shape. 

Model  Support 

It  is  normally  convenient  and  economic  to  perform  the  work  with  model  targets  of  sizes  between  0.5  m and  5.0  m. 

For  aircraft  targets, this  implies  scale  factors  between  1 : 4 and  1 20.  For  ship  targets,  ascalefactor  of  order  1 : 100  or  1 : 200maybe 
needed.  The  model  construction  is,  in  any  case,  designed  to  minimize  the  weight  of  the  model  so  that  the  supporting  means 
may  be  thinner  and  less  reflecting.  A typical  aircraft  model  supported  on  dielectric  strings  is  shown  in  figure  2 • This  is  a 
model  HS  125  Executive  Jet  aircraft  at  1 8 scale.  The  suspension  system  shown  here  incorporates  motorized  pulleys  for 
changing  the  aspect  of  the  model  to  the  rodar  and  with  this  suspension  system  the  target  can  be  rotated  continuously  about  a 
vertical  axis  after  pitch  and  roll  have  been  set.  Furthermore  the  effect  of  reflections  from  the  thin  dielectric  strings  is 
minimized  by  ensuring  that  they  are  not  viewed  at  normal  incidence. 

Other  suspension  methods  are  in  use.  When  high  positional  stability  is  required,  for  example,  as  it  is  for  modelling  work 
above  300  GHz,  then  a tapered  column  is  used  to  support  the  model  from  beneath. 

C lutter  Rejection 

In  any  case,  the  target  support  is  too  frail  to  withstand  wind  and  weather  and  therefore  the  measurements  are  conducted  in- 
side a building.  The  interfering  effects  of  scatter  from  the  walls,  floor  and  roof  of  the  building  are  normally  avoided  by 
making  the  model  radar  a pulsed  radar  and  using  range  gating  to  reject  signals  except  from  the  target  s range.  Sometimes, 
however , directionality  in  the  radar  aerials  for  transmission  and  reception  is  also  required  to  minimize  unwanted  clutter. 

The  model  rodar  pulse  is  usually  mode  at  least  three  times  the  model  target  length,  thereby  ensuring  a period  when  returns 
from  all  ports  of  the  target  coexist.  As  a result,  the  central  part  of  the  received  signal  is  equivalent  to  that  from  a radar 
of  longer  pulse  length  (or  even  c.w.)  and  this  central  portion  is  extracted  by  gating  in  the  receiver.  If  the  fu  1 1 -scale  rodar 
should  use  a pulse  which  is  shorter  than  three  times  the  target  length,  then  this  pulse  length  is  correctly  modelled  in  the 
model  radar.  Clutter  rejection  by  pulse  range  gating  in  the  radar  model  is  very  satisfactory  and  permits  the  operation  of 
several  radars  in  the  one  bui  Iding  without  mutual  interference,  so  long  as  p.r.f.  interleaving  is  used  also. 

4.  MODEL  RADAR  FREQUENCIES 

Most  full-scale  radars  operate  between  3 GHz  and  10  GHz  although  the  range  of  frequencies  used  extends  at  least  from 
400  MHz  to  94  GHz  and  possibly  beyond.  Consequently,  with  scaling  factors  of  order  1 : 4 to  1 20,  the  main  requirement 
for  model  radars  lies  between, say,  10  GHz  and  200  GHz  with  greatest  emphasis  in  the  middle  of  this  range  (30  - 80  GHz). 
However,  in  some  cases  with  small  objects,  it  is  useful  to  work  with  life-size  targets,  while  in  other  cases  greater  scaling 
factors  are  needed.  As  a result,  the  overall  range  of  frequencies  used  now  extends  from  800  MHz  to  890  GHz.  Precise 
and  stable  measurement  radars  are  now  available  across  this  frequency  band  as  is  indicated  in  the  chart  of  figure  3.  This 
chart  shows  how  a suitable  scaling  factor  may  be  chosen  for  the  target  model  together  with  a choice  of  model  radar  fre- 
quency so  as  to  facilitate  the  modelling  of  any  full-scale  radar  against  a particular  target. 

5.  RADAR  MODELLING  FACILITY 

The  first  measurements  with  the  facility  were  made  in  1958  using  a 35  GHz  rodar  with  30  ns  pulses.  Scale  model  targets  at 
scales  1 : 100  and  1 4 were  used  and  sensitivities  were  adequate  to  measure  10“^  m^  echoing  area  anywhere  in  a 5 m cube. 

This  initial  work  was  aimed  at  plotting  the  direct  backscatter  amplitude  as  a function  of  target  aspect.  For  this  type  of 
measurement  the  target  is  hung  from  dielectric  strings  as  in  figure  2 and  is  then  rotated  about  a vertical  axis  as  radar 
measurements  are  being  made.  The  radar  sightline  is  slightly  elevated  so  as  to  avoid  any  orthogonal  reflection  from  the 
suspension  strings.  Calibration  is  done  by  measuring  the  reflection  from  an  accurately  made  metal  sphere  which  can  be 
substituted  for  the  target. 

The  facility  has  been  expanded  in  terms  not  only  of  frequency  coverage,  as  was  indicated  in  figure  3 , but  also  of  the  type 
of  measurement  which,  can  be  made.  The  initial  work  was  with  a non-cohercnt  radar  receiver,  and  work  with  such  radars  is 
still  of  interest.  Additionally , however,  we  have  model  radars  operating  with  coherent  receivers  and  some  have  the  facility 
for  providing  either  or  both  types  of  output  (coherent  and  non-coherent) . ' 
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Model  rodorj  hove  also  been  mode,  and  are  in  use,  to  indicate  target  direction  and  thus  to  determine  the  angular  glint  or 
error  in  the  perceived  target  direction.  One  method  of  achieving  this  uses  a coherent  radar  which  measures  the  phase  of 
the  received  signal  os  well  os  its  amplitude,  and  such  a system  is  particularly  valuable  for  onalysis  of  the  reflecting  elements 
in  a forget  structure. 

During  the  last  decade  there  has  been  a growing  appreciation  of  the  importance  of  polarisation  of  the  reflected  signal  and 
many  of  the  measurement  radars  now  incorporate  facilities  for  transmitting  agd  receiving  either  type  of  linear  or  circular 
polarisation.  In  some  cases  two  types  can  be  received  coincidentally.  More  recently,  o system  has  been  developed  for 
determining  depolarisation  of  the  received  signal  from  a target  illuminated  with  plane  polarisation. 

Coherent  model  rodars  can,  of  course,  be  used  to  measure  doppler  modulation  on  a signal,  and  this  may  arise  either  from 
gross  movement  of  the  target  with  respect  to  the  radar,  or  from  elements  within  the  target  which  are  not  stationary.  Some 
model  rodars  have  been  specialized  for  such  measurements. 

With  so  many  different  types  of  dato  required,  it  has  been  necessary  to  establish  a number  of  different,  septrcte  facilities 
within  the  one  building.  There  are  nine  different  radar  facilities  which  operate  with  seven  different  target  support  equip- 
ments. Thus  seven  different  types  of  measurements  can  be  conducted  at  any  one  time.  In  some  of  these  systems  the  radar  is 
stationary  while  the  target  is  either  rotated  or  moved  in  range  with  respect  to  the  radar.  In  other  systems,  the  target  is 
stationary  during  measurement  and  it  is  the  radar  which  moves,  either  linearly  past,  or  on  an  ore  around,  the  target.  Bi- 
static rodars  can  be  modelled,  if  desired,  with  the  bistatic  angle  as  an  experimental  variable.  Some  systems  permit  the 
recording  of  alternative  polarisations  (or  of  both  simultaneously)  with  coherent  and  'or  non-coherent  reception.  One  system 
is  specialized  for  measurements  in  which  a water  surface,  subject  to  a controlled  amount  of  disturbance,  is  at  least  a part  of 
the  target  scene.  The  photoyaph  of  the  facility  shown  as  figure  4,  and  the  diagrammatic  representation  of  it  presented  in 
figure  5,  give  some  indication  of  the  scope  now  covered  by  the  measurement  facility. 

A wide  variety  of  target  models  is  now  available  for  use  with  this  facility.  These  ore  to  scales  ranging  from  I • 1 to  1 : 200 
and  are  of  diverse  types  including  fixed  and  variable  wing  aircraft,  helicopters,  drones,  missiles,  shells,  mortar  bombs,  as 
well  as  land  ond  seo  vehicles.  In  same  cases,  models  have  been  made  at  more  than  one  scaling  factor,  but  usually  one 
scale  suffices  for  each  target,  and  the  choice  of  a model  radar  frequency  from  those  available  is  adequate  to  provide  all  the 
flexibility  of  measurement  required. 

Probably  far  more  important  than  the  installation  itself  is  the  wide  range  of  experience  with,  and  understanding  of,  radar 
reflection  properties  and  problems  that  has  been  acquired.  This  applies  in  particular  to  the  processing  of  the  data  so  that 
they  are  first  of  all  checked  and  interpreted,  ond  then  reduced  to  a compact  form  for  customer  use.  These  aspects  will  be 
dealt  with  later,  but  first  we  will  discuss  the  model  radar  systems  in  somewhat  greater  detail. 

6.  MODEL  RADARS 

A diacyammatic  representation  of  the  radio  modelling  measurement  system  is  given  in  figure  6 . All  of  the  microwave  and 
millimetre  wave  measuring  systems  incorporate  range  gating  and  use  a transmitter  pulse  length  of  obout  10  ns  to  50  ns  so  as 
to  envelop  the  tarret  model  completely.  These  pulses  have  sharp  rise  ond  fall  times  of  order  1 - 3 ns  and  consequently  a 
wide  bandwidth  intermediate  frequency  receiver  is  used.  The  i.f.  is  usually  in  F-band  (3  -4  GHz). 

7.  NON-COHERENT  RECEIVER 

A typical  non-coherent  pulsed  radar  with  range  gating  is  shown  in  figure  7 . The  transmitter  source  can  be  a magnetron, 
at  frequencies  up  to  80  GHz  but,  increasingly,  Impatt  or  Gunn  devices  are  being  employed.  Between  140  GHz  ond 
280  GHz  a pulsed  extended-interaction  oscillator  (EIO)  or  carcinotron  is  used.  A reflex  klystron,  or  solid  state  source, 
provides  the  local  oscillator  signal. 

Schottky  mixer  diodes  which  have  been  specially  developed  by  EMI  are  used  in  radar  systems  up  to  280  GHz.  Examples  of 
such  diodes  are  i llustrated  in  figure  8 with  an  indication  of  their  performance  with  frequency. 

In  past  years  4 GHz  travelling  wave  tubes  were  used  for  i.f.  amplification.  Range  gating  was  achieved  by  pulsing  the  first 
anode  of  one  of  the  tubes.  Currently  a solid  state  i.f.  amplifier  is  used  and  range  gating  is  accomplished  by  means  of  a 
diode  gate  operating  at  i.f.  However,  the  non-coherent  receiver  uses  a switch  in  the  video  circuitry.  In  order  to  ensure 
fidelity, the  detector  is  operated  at  constant  level  by  preceding  it  with  o voltage  controlled  diode  attenuator  incorporated 
in  on  a.g.c.  loop.  This  diode. attenuator  has  a logarithmic  low  and  its  control  voltage  is  used  as  the  receiver  output.  Thus 
echoing  area  on  a decibel  scale  can  be  obtained  over  a range  of  about  40  dB. 

8.  COHERENT  RECEIVER 

A system  with  coherent  reception  is  shown  diagrammntically  in  figure  9. 

To  obtain  a coherent  reference,  a fraction  of  the  transmitter  power  is  delayed  to  correspond  in  time  with  the  received  pulse 
from  reflection  at  the  target.  Both  the  reference  and  the  received  target  s gnals  are  mixed  down  to  the  first  i.f.  using 
separate  mixers  driven  by  the  same  local  oscillator.  The  two  mixer  outputs,  both  in  F-band  (3-4  GHz),  are  separately 
amplified  before  being  mixed  together  in  a bolunced  detector.  Its  output  pulses  are  amplitude  modulated  by  the  doppler 
frequencies  from  the  target.  Anologue  signals  are  derived  using  box-car  and  filtering  circuitry.  A digital  phase  shifter  is 
present  in  the  reference  signal  path  before  the  final  mixer,  to  achieve  an  effective  doppler  side-step  of  frequency  such 
that  all  doppler  components  appear  at  the  receiver  output  as  positive  frequencies.  Values  of  instantaneous  amplitude,  a, 
and  phase,  ft,  can  be  derived  by  processing  the  doppler  information  in  an  on-line  computer . A | phose  shift  con  r.lso  be 
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injected  into  the  reference  channel  periodically  and  thus  the  in-phase  and  quadrature  components  are  generated  in  time 
multiplex  and  may  be  separated.  Such  a radar  will  faithfully  reproduce  doppler  signals  caused  by  target  motion  relative  to 
the  radar  so  permitting  a and  measurements  to  be  made. 

It  is  often  informative  to  perform  a Fourier  analysis  upon  the  complex  amplitude,  a (8)  exp  |j  fS  (9) j , considered  as  a 
function  of  angle,  0.  The  resulting  angular  spectrum  can,  for  example,  be  used  in  the  determination  of  the  angular 
location  ('cross-range')  and  mayiitude  of  the  constituent  reflecting  sources.  Alternatively  if  the  target  is  a model  aircraft, 
its  engjne  can  be  rotated  and,  following  frequency  analysis,  the  spectral  content  of  the  resulting  doppler  sidebands  can  be 
examined. 

Figure  lOshows  a coherent  radar  in  use  with  water  waves  as  the  target.  This  is  an  80  GHz  radar  and  uses  a magnetron  as  a 
pu  Ised  source . 

9.  DIRECTION  FINDING  RECEIVER 

Interference  between  radar  waves  reflected  from  different  parts  of  a target  can  lead  to  perturbation  in  the  associated  phase 
fronts.  These  can  result  in  angular  glint  errors  in  the  directional  indication  given  by  the  radar.  An  early  form  of  a model 
radar  operating  at  80  GHz  had  a two-port  aerial  system.  The  apertures  were  very  tiny  and  were  positioned  side  by  side. 

A servo  arrangement  was  used  to  align  and  maintain  the  aerial  system  normal  to  the  phase  front  as  the  target  aspect  was 
changed.  Currently,  a phase/amp li tude  measuring  radar  is  used,  such  as  that  described  in  Section  8,  above.  Angularglint 
is  then  derived  from  the  rate  of  change  of  phase  with  target  aspect,  in  an  on-line  computer.  Pulsed  radars  designed  in  this 
latter  way  are  available  up  to  and  including  280  GHz. 

Beyond  280  GHz,  we  have  employed  optical  technology  and  developed  a laser  source  for  use  at  submillimetre  wavelengths. 

10.  SUBMILLIMETRE  MODELLING 

A homodyne  coherent  c.w.  radar,  operating  at  890  GHz,  has  been  in  continuous  use  over  the  past  five  years.  It  is  based 
on  an  HCN  laser  which  we  have  developed  into  a reliable,  stable  30  mW  source.  The  system  can  be  used  for  determining 
angular  glint  or  for  identification  of  echo  sources  on  targets,  using  the  angular  spectral  analysis  technique.  The  radar  is 
illustrated  in  figure  11.  The  HCN  laser,  which  is  excited  by  gas-discharge,  is  shown  in  the  foreground.  The  radar  system 
is  shown  in  diagrammatic  form  in  figure  12.  Power  is  extracted  from  both  ends  of  the  laser  using  coupling  holes  in  the  con- 
focal  mirrors  forming  the  laser  optical  cavity.  Most  of  the  power  is  radiated  from  the  end  pointing  at  the  target  and  this  is 
phase  modulated  (0/ir)  at  500  Hz,  using  a toothed  dielectric  wheel.  The  unmodulated  signal  from  the  back  end  of  the  laser 
is  used  as  reference  in  the  radar  receiver.  The  balanced  mixer  uses  indium  antimonide  photo-conductors  which  require  to 
be  cooled  in  liquid  helium  to  a temperature  of  4.2  K.  In  the  helium  dewar,  these  are  placed  back  to  back  and  each  is 
illuminated  by  the  reference  signal  through  its  respective  window.  Diffraction  gratings  and  mirrors  are  used  to  divide  and 
direct  the  reference  signal  along  the  two  separate  paths.  The  received  backscatter  signal  rron.  the  target  is  directed  onto 
one  mixer  only,  using  a lens  receiver  aerial.  The  difference  between  the  mixer  output  voltages  is  coupled  out  using  a 
transformer  and,  in  order  to  minimize  noise  contributions,  this  transformer  also  is  included  in  the  dewar.  The  selected 
signal  component  at  500  Hz  is  amplified  and  then  translated  to  base-bond  using  a phose -detector  and  a 500  Hz  reference 
derived  from  the  0/ir  phase-modulator  drive.  Quadrature  detection  of  the  coherent  return  is  achieved  using  a 0/-^  phase- 
modulator  in  the  receiver  path  immediately  before  the  mixer.  Time  multiplexed  in-phase  and  quadrature  components  ore 
therefore  provided  by  the  receiver.  An  output  bandwidth  of  1 Hz  is  used  in  each  channel  and  a signal-to-noise  ratio  of 
30  dB  is  obtained  from  a target  having  a 1 sq.cm  echoing  area  when  aerials  of  3 deg  beamwidth  are  used.  A typical 
angular  glint  record  is  shown  in  figure  13. 

11.  ORGANIZATION  AND  VALIDATION  OF  DATA 

With  seven  data  collection  sites  within  the  facility,  each  collecting  a large  quantity  of  data,  it  is  imperative  that  in- 
formation is  expressed  digitally  for  on-line  and  off-line  computer  processing.  A mini-computer  is  provided  at  each  site  and 
figure  Vindicates  how  if  is  used  to  provide  suitable  monitor  displays  so  that  the  experiment  operator  can  confirm  the  validity 
of  the  experiment  and  of  its  data.  The  computer  is  also  used  to  monitor  target  and  radar  settings  and  to  add  measurement 
conditions  in  the  form  of  a header  block,  thus  facilitating  subsequent  additional  processing  of  the  data  in  an  off-line 
general  purpose  computer. 

12.  PROCESSING  AND  USE  OF  DATA 

For  some  purposes,  if  may  be  necessary  for  all  of  the  data  collected  to  be  used  in  an  analysis  of  the  performance  of  an 
operational  rodar  system.  However,  for  many  assessments,  the  quantity  of  raw  dato  isembarrassingly  great  and  suitable 
summaries  have  to  be  devised  and  computed.  Sometimes  these  summaries  consist  merely  of  mean,  median  and  standard  devi- 
ation values  of,  say,  the  echoing  area  or  the  angular  glint  error  within  a given  aspect  angle  region  around  the  target. 

Often  a much  fuller  summary  is  needed. 

For  many  years  (Woolcock,  S.  C.,  1973),  angular  spectral  analysis  techniques  have  been  used  at  EMI  for  interpreting 
backscatter  data.  Information  from  an  azimuthal  scan  around  a target  with  a coherent  radar  is  processed  using  the  appropri- 
ate weighting  and  'window  aperture'  to  obtain  an  angular  spectrum.  An  angular  spectrum  gives  the  cross-range  location  of 
the  elementary  reflectors  within  a target,  and  also  their  intensities.  Further,  by  moving  the  window  through  the  data  re- 
corded as  a function  of  target  aspect,  the  polar  diagram  of  these  sources  can  be  determined.  Figure  15$hows  an  angular 
spectrumforan  aircraft  viewed  near  10  deg  from  head-on.  A very  succinct  representation  of  a complex  target  can 
be  derived  from  such  information,  and  it  is  often  more  efficient  to  store  such  a 'multi-source'  model  and  compute  the  signal 
amplitude  and  glint  at  any  aspect,  than  to  store  the  initial  data.  Figure  16compares  measured  and  computer  backscatter 
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data,  the  computation  having  been  coined  out  using  the  geometry  of  the  meaturementi.  It  it  pottible,  uiing  the  mathe- 
matical model,  to  compute  the  radai  tignol  characteriitici  for  other  target- to  t odor  rangei  than  that  which  wat  modelled. 

Thut  time-varying  backtcatter  tignalt  can  be  obtained.  For  ttudy  of  coherent  radart  in  a computer,  multi-source  mode  It  of 
the  'ikin'  doppler  backtcatter  would  be  derived  at  above  and  then  a mathsmatical  repreicntation  of  doppler  component! 
from  turbinei,  completion  and  propellort  would  be  added. 

13.  FUTURE  DEVELOPMENTS 

The  radar  modelling  facility  hot  been  in  full  time  ute  and  alto  continually  underdevelopment  lor  the  lait  20  yean.  It  it  likely 
that  tuch  developments  will  continue.  Exploitation  of  the  frequency  band  between  200  GHr  and  2 TH * it  clearly  needed 
Thit  wilt  require  tource  development  and  alto  mixer  deve lopmeti ft . Submillimetre  laien  excited  by  photons  at  10.6  pm 
have  already  been  made  with  several  different  active  gates  and  have  produced  usable  outputs  at  more  than  30  Irequenciet 
in  the  band  quoted.  Figure  17 shows  a laboratory  tubmi  llimetre  tource  which  con  be  tuned  to  many  different  frequencies  be- 
tween 0.4  THx  and  2.0  TFI*.  The  bandwidfht  of  tome  of  fh«r  frontifiont  give  promise  that  pulsed  sources  of  such  wavelengths 
can  be  made  with  pulse  lengths  suitable  for  range  gating  In  a model  range. 

The  distinctive  expertise  which  this  facility  has  nurtured,  and  the  detailed  understanding  ot  radar  scattering  problems  which 
has  been  acquired,  are  a special  strength  within  NATO.  A service  is  offered  to  all  NATO  countries  in  rador  analysis  and 
scattering  problems. 

This  service  has  been  used  for  many  years  by  some  of  the  more  progressive  companies  in  the  U.S  , A.  and  it  is  anticipated 
that  companies  in  other  NATO  countries  will  appreciate  the  technical  advantage  which  this  conveys  and  will  increase  their 
owr.  interest  in  using  the  facility  here  described.  Such  increased  use  will  not  only  benefit  NATO  radar  development  but  will 
also  highlight  other  desirable  extensions  to  the  service  offered  by  the  facility. 
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1 Introduction 

In  the  development  of  radar  proximity  fuzes  - which  is  done  at  AEG-TELEFUNKEN  since 
about  I960  - one  has  on  principle  to  deal  with  a radar  system  where  the  received 
signal  is  used  to  measure  the  encounter  geometry  between  fuze  and  target  and  to  de- 
termine from  this  the  optimum  detonation  point. 

This  measurement  is  carried  out  in  the  extreme  near-field  of  the  target  - normally 
aircraft  - thus  the  distance  between  target  and  sensor  is  about  maximum  one  order  of 
magnitude  greater  than  the  target  dimension  while  the  radar  operating  wavelength  is 
about  a hundredth  off. 

Thus  the  normally  used  radar  equation  is  no  longer  valid,  the  radar  does  not  see  a 
single  fluctuating  point  target,  but  a number  of  reflection  points  whose  amplitudes 
and  locations  are  changing  during  the  engagement,  summing  up  or  interfering  to  form 
a really  complex  signal. 

On  the  other  hand,  these  signals  are  needed  first  to  optimize  the  system  as  well  as 
to  determine  the  effectiveness  of  the  entire  system  and  this  has  to  be  done  for  the 
whole  set  of  possible  encounter  geometries. 

On  principle  there  are  three  solutions  to  this  problem 

- theoretical  computation 

- use  of  original  targets  in  real  flight  tests 

- use  of  down-scaled  model  measurements. 

The  first  solution,  the  theoretical  computation  of  these  signals,  leads  to  extreme 
difficulties  although  the  different  possible  approaches  - wire  grid  model,  plate  model 
and  physical  optics  - are  already  approximations. 

It  is,  nevertheless,  worth  to  note  that  a very  simple  geometric  optics-model  leads  in 
some  special  cases  to  satisfactory  results.  In  this  model,  the  complex  target  is  re- 
presented by  a few  - typically  3 to  10  - point  sources  but  the  amplitudes  and  exact 
locations  of  these  point  sources  have  to  be  determined  in  general  first  by  measure- 
ments. 

The  use  of  original  targets  in  real  flight  tests  is  a possible  solution.  Figure  1 

shows  such  a flight  test  where  the  radar  fuze  is  on  top  of  the  mast  and  the  marks  on 

the  left  side  are  used  for  measuring  the  flight  geometry.  H 

Despite  of  the  fact  that  such  experiments  mny  be  dangerous,  especially  for  small  mis- 

distances,  they  are  of  course  very  expensive  and  extremely  difficult  to  control. 

Therefore  they  can  at  the  most  be  used  as  limited,  selected  basic  data  but  not  as  the 
required  comprehensive  data  set  for  all  interesting  encounter  geometries. 

Therefore  only  the  third  solution,  model  measurement,  remains  valid  and  has  in  fact 
given  a satisfactory  solution  for  our  problem. 

2 Model  Slsnilation 

The  possibility  to  use  down-scaled  model  simulation  is  given  by  the  linearity  of 
Maxwell's  equations.  If  one  excludes  non-linear  media  as  ferromagnetics  or  ionized 
media  with  magnetic  fields,  the  valid  transformation  equations  are  given  in  Figure  2. 

Here  the  index  "0"  stands  for  "original"  and  "m"  for  "model",  respectively. 


There  are  two  basic  scale  factors 


a)  one  of  which  governs  the  basic  electromagnetic  properties  as  well  as  target 
dimension 

b)  while  the  other  one  takes  into  account  the  scaling  of  time  dependent  properties. 


Since  the  interesting  targets  are  metallic  ones  and  provided  that  the  conductivity  of 
model  metallisation  is  high  enough  - the  received  target  signal  is  only  dependent  on 
the  ratio  of  target  dimension  to  radar  wavelength.  Furthermore,  the  signal  amplitude 
is  independent  of  the  relative  engagement  velocity  which  only  determines  the  frequency 
speed  of  the  doppler  signal.  The  original  signal  can  then  be  easily  obtained  by  time 
transformation  using  different  recording  and  reproducing  scale  factors. 

3 Experimental  set-up 

In  our  model  simulations  at  AEG-TELEFUNKEN  in  Ulm,  we  use  radar  systems  with  frequencies 
up  to  90  GHz,  usually  with  emphasis  at  33  GHz  and  86  GHz,  corresponding  to  scaling  fac- 
tors of  about  10  - 30.  The  radar  sensors  used  are  normal  CW  systems  with  the  block  'dia- 
gram shown  in  Figure  J. 

The  transmitted  signal  provided  by  a gun  oscillator  at  the  lower  and  an  impatt-oscilla- 
tor  at  the  higher  frequency  is  fed  via  an  antenna  duplexer  to  the  antenna.  The  re- 
ceived signal  is  mixed  with  a part  of  the  transmitter  signal  supplied  via  a coupler  or 
directly  via  the  reverse  circulator  path.  The  resulting  video  signal  is  then  amplified 
and  recorded. 

The  RF  output  power  of  these  radars  is  of  about  100  mW  at  the  lower  frequencies  down 
to  20  mW  at  the  higher  frequencies.  The  antennas  used  in  the  model  simulation  should 
show  the  same  gain  and  beamwidth  as  the  original  ones,  a requirement  which  may  lead 
to  problems  which  will  be  discussed  later. 

. 

The  next  Figure  4 shows  our  simulation  facility.  The^whole  measuring  set-up  is  housed 
in  an  anechoic  chamber  with  the  dimensions  13  by  4 meters.  The  target  model,  here  a 
MIG  21  (a  Fishbed),  is  mounted  on  top  of  a plastic  rod  whicjh  itself  is  mounted  on  a 
movable  platform.  This  platform  is  driven  on  rails  past  the  fixed  radar  at  a constant 
speed  of  about  0.5  m/s. 

Platform  and  rails  are  under  microwave  absorber  plates  which  are  tilted  to  avoid  multi- 
path  problems.  This  measurement  method,  fixed  radar  and  moving  target,  is  in  contrast 
to  methods  used  in  similar  facilities  in  the  UK  and  France  where  the  radar  is  moved. 


Therefore  some  comments  why  we  proceed  in  this  manner: 

When  moving  our  CW  radars  which  do  not  have  range  resolution  and  low  antenna  gains 
the  chamber  walls,  even  when  covered  with  best  absorber  material,  would  give  high  radar 
returns  at  target  doppler  frequencies.  In  our  set-up  only  the  moved  platform  and  the 
target  mounting  can  introduce  error  signals  but  this  can  be  overcome  by  proper  con- 
struction and  the  use  of  absorber  material. 

The  recording  set-up  is  shown  in  Figure  5.  Instead  of  recording  the  measured  signals 
with  analog  tape  recorders  we  now  use  a 32  k,  8 bit  transienf'recorder  for  intermediate 
storage.  This  has  the  advantage  that  the  recording  as  well  as  the  reproducing  of  the 
signal  can  be  done  at  any  desired  speed. 

For  immediate  inspection  a display  is  used  and  last  not  least  the  signals  are  recorded, 
in  digital  form  on  normal  conmerd al  tape  cassettes. 


Further  data  processing  including  fuze  logics  are  up  to  now  introduced  off-range  but 
we  are  just  integrating  a small  computer  in  the  system  which,  as  we  hope,  will  at  least 
do  a part  of  this  on-line. 


4 Results 


Figure  6 shows  - as  an  example  - the  measured  signal  for  a sphere  with  a radius  of 
10  centimeters  which  is  normally  used  for  calibration  purposes. 


The  four  traces  show  the  signal  recorded  with  for  different  gain  factors  at  the  top 
distance  marks  are  shown.  The  decrease  of  the  doppler  frequency  when  approaching  the 
point  of  nearest  distance  as  well  as  the  Jump  in  phase  at  this  point  is  easily  seen. 


The  next  Figure  7 shows  the  signal  of  the  real  aircraft  target,  here  a FIAT  G 91,  in 
a nearly  head-on  geometry.  This  picture  shows  clearly  the  "Interference  packets", 
typical  for  these  complex  targets  as  well  as  a general  feature,  that  is  decreasing 
frequency  with  decreasing  distance,  valid  for  the  point  target. 
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Thin  fact  ta  In  itatail  ahown  In  Figure  H aixl  Figure  *>  wh»r*  Tor  thla  algnal  tha  power 
apectral  denaitlea  am  kIvmi  for  different  tlma  intervale.  Tima  intarval  a)  ahowa  tha 
amatl  paak  (Ivan  by  tha  ralativa  target  velocity  wht la  Intarval  c)  ahowa  tha  broad  low 
frequency  apectrum  whan  tha  aanaor  la  naar  tha  part  nf  cloaaat  approach. 


r>  Modal  ling  prohlama 


Tha  modala  of  aircraft,  mtaallaa  and  hallcoptara  ara  mada  of  wood  which  la  than  allvar 
apravad  aufflclantly  to  give  about  1 akin  dapth  at  tha  correeponding  modal  fraquancv. 
For  tha  higher  acala  factor*  wa  alao  uaa  commercial  plaatlc  modal  klta  with  good  ra- 
aulta.  Thaaa  modala  hava  tha  advantage  of  being  1 Ight  that  maana  giving  no  mounting 
problama  aa  wall  aa  bacorna  vary  chaap  onaa  In  contraat  to  tha  wood  modulaa. 

Tha  choice  of  a acala  factor  aa  high  aa  poaalbla  Itaa  tha  advantaga  that  thla  laada  to 
email  dlmeualona  of  tha  targata  aa  wall  aa  to  amall  dlmanaiona  of  tha  who! a meaaurtng 
aat-up.  F.apac tally  from  a practical  commarclal  point  of  viaw  the  laat  point  ta  a vary 
Important  ona.  Alao  tha  corraapondlng  higher  fraquanciaa  laad,  for  glvan  ralativa  valo- 
citlaa,  to  hlghar  dopplar  fraquanciaa.  Thla  maana  In  ganaral  higher  algnal  to  notaa 
ratio  by  avoiding  frequency  nolaa  problama  auch  aa  10  lla  powar  linaa,  amplifier  drift 
and  ao  on  aa  wall  aa  lower  requirement  on  apeotral  purity  of  the  HF  oaoillator. 

Nevertheleaa  there  ara  aome  practical  tlmtta  for  the  acala  factor.  Firat  tha  lower 
aenaor  aauai ttvitlaa  at  the  hlghar  fraquanciaa  at  laaat  for  a given  coat  level.  Alao 
target  dlmenaton  mav  reach  a level  where  tha  modelling  of  tlia  target  detalla  will  be 
a problem. 


Therefore  we  feel  that  acala  factor*  In  tha  order  of  10  to  )0  will  be  an  optimum  choice. 


A apecial  problem  ariaea  from  the  fact  that  at  laaat  in  our  caaa.  In  tha  original 
avatama,  tha  antennae  ara  amatler  than  tha  wavelength.  Therefore  It  la  normally  not 
poaalbla  to  acala  down  theaa  antennae  and  therefore  new  antenna  deaign  at  the  model 
frequency  la  nacaaaarv. 

Tha  next  Figure  IO  ahowa,  for  example,  a low  gain  *10  (ilia  antenna  which  waa  developed 
In  our  central  millimeter  laboratory  by  Or.  Itembold  an  Itla  ataff. 

b Cone  1 union 


Millimeter  wave  avatama  have  been  very  nuccenafully  uaed  for  model  almulatlon  meaaure- 
menta  to  determine  the  near-field  charac t er 1 a t ice  of  complex  targata. 

Theae  data  are  uaed  for  ayatem  opt Imiaat Ion,  for  the  proof  of  avatem  effectivlty  and 
are  alao  uaed  now  for  quality  control  in  the  production  of  tha  ayatema. 
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MICROWAVE  HOLOGRAPHY  : A DECADE  OF  DEVELOP  Ml  NT 


L.  A.  Ci am,  G W.  Newbery,  h O.  Rossi  ter 
EMI  Electronics  Limited 
Well*,  Somerset,  England 


SUMMARY 


The  advent  of  the  laser  as  a source  o»  coherent  radiation  within  the  optical  spectrum  regenerated  interest  in  the  techniques 
of  wavefront  reconstruction  or  holoyaphy  first  proposed  by  Gabor  in  1948.  Sources  of  c oberenf  microwave  radiation  had, 
of  course,  been  available  for  many  years  when,  in  the  mid- 1960’s,  it  was  appreciated  by  Dooley  (19661  and  independently 
at  EMI  Electronics  Umited,  Wells,  that  si  mi  lor  holographic  techniques  could  be  employed  to  investigate  reflections  from 
targets  irradiated  with  microwaves.  This  paper  traces  some  of  the  work  on  microwave  holofpaphy  that  has  been  carried  out 
at  Wells  in  the  subsequent  years.  The  equipments  devised  to  operate  at  various  frequencies  ranging  from  10  GHz  to 
U0  GHz  are  described  and  typical  results  achieved  are  presented.  Reference  is  made  to  some  of  the  components  developed 
for  use  in  the  equipments. 


INTRODUCTION 


1 . 1 Basic  Holography 


To  assist  in  the  appreciation  of  fhe  holographic  systems  described  below,  it  is  pertinent  to  review  briefly  the  basic 
principles  of  wavefront  reconstruction.  Two  plane  waves,  of  the  same  optical  wavelength,  \ , and  with  wave  normals  k^ 
and  kj,  ore  shown  schematically  in  figure  1(a).  Their  propagation  directions  ore  inclined  at  an  angle  C?  and  the  monnei  in 
which  they  will  beat  together  along  a typical  line  AB  is  indicated.  If  a photocpaphic  plate,  situated  in  the  plane  contain- 
ing the  line  AB  and  perpendicu lor  to  kj,  is  exposed  to  the  incident  radiation,  it  will,  after  development,  display  a 
sinusoidal  spatial  variation  in  transmittance  with  on  interval  of  d = ^ sin  t*  in  the  direction  of  the  line  AB  as  indicated  in 
figure  1(b) . Hence  the  pattern  recorded  on  the  photographic  plate  will  be  similar  in  appearance  to  a conventional 
diffraction  grating  and,  when  it  is  illuminated  by  collimated  light,  i.e.  a plane  wave,  corresponding  to  the  original  wave 
in  the  direction  k two  diffracted  waves  are  generated  as  shown  in  figure  1(c) . One  of  these  waves  is  identical  to  the 
second  wave,  kj,  used  in  the  production  of  fhe  interference  pattern  or  grating,  i .e.  the  original  wave  has  been  recon- 
structed from  the  grating. 


The  process  may  be  likened  to  the  "freezing"  of  a signal,  which  has  been  produced  by  amplitude  modulating  a carrier 
(wave  kj)  with  a sinusoidal  time  function  (wave  kj)  and  subsequently  unfreezing  the  signal  by  mixing  it  with  an  identical 
carrier  to  reconstitute  the  original  time  function  in  conjunction  with  a conjugate  or  negative  frequency  sideband.  In  a 
conventional  diffraction  grating,  created  by  ruling  many  parallel  lines,  the  transmittance  varies  in  a binary  manner  as 
indicated  in  figure  1(d).  A variation  of  this  form  may,  of  course,  be  synthesised  by  the  superposition  of  many  harmonically 
related  components  of  the  type  shown  in  figure  1(b)  and,  as  is  well  known,  when  the  conventional  grating  is  illuminated, 
multiple  orders  of  diffracted  waves  are  generated  corresponding  to  the  various  harmonics  present. 


It  becomes  apparent  that  any  combination  of  waves  superimposed  on  and  mixed  with  a reference  wave  may  be  used  to 
generate  a complex  diffraction  grating  or  holo<yam  and  that  the  original  combination  of  waves  may  be  recovered  when  the 
hologram  is  illuminated  appropriately. 


Optical  holograms  can  be  recorded  using  the  arrangement  shown  schematically  in  figure  2.  Here  the  complex  wave 
structure  reflected  by  the  object  is  mixed  with  the  reference  wave  which  appears  to  emanate  from  a point  source.  The 
reflected  waves  become  frozen  in  the  hologram  and  they  may  subsequently  be  reconstructed  to  provide  a true,  three- 
dimensional, virtual  image  of  the  original  object. 


A conjugate  set  of  waves  is  also  generated  and  these  waves  can  be  used  to  provide  a conjugate  image.  The  true  image  may 
be  made  real  either  by  employing  a simple  lens  system  or  by  modifying  the  wave  front  used  to  illuminate  the  hologram. 


Microwave  Analogy 


In  microwave  holography  we  generate  an  interference  pattern  in  an  analogous  fashion  by  allowing  microwave  radiation 
reflected  by  objects  within  fhe  field  of  view  to  mix  with  a suitable  reference  wave  or  signal.  The  hologram  may,  in 
principle,  be  constructed  by  fabricating  a replica  of  the  interference  pattern,  using  radar  absorbent  material,  so  that,  when 
this  is  illuminated  by  a wave  at  the  original  microwave  frequency,  the  original  wavefront  structure  is  reconstructed . 


The  hologram  is  then  acting  as  a microwave  aerial;  the  resolution  of  the  images  will  depend  on  the  beamwidth  of  the  aerial 
and,  hence,  on  the  size  of  the  original  holographic  aperture  measured  in  wavelengths.  Microwave  holograms  are,  therefore, 
typically  recorded  over  on  area  1 m square. 


An  alternative  and  more  practical  use  for  the  data  recorded  in  a microwave  hologram  is  to  provide  an  image  at  optical  wave- 
lengths. This  effectively  extends  fhe  spectrum  at  which  we  can  visualise  images  to  fhe  microwave  wavelengths.  It  is 
achieved  by  making  a photographic  version  of  the  hologram  at  much  reduced  scale  and  using  this  with  a coherent  light 
source  to  generate  an  optical  image. 


Another 

structure 


>r  method  of  obtaining  a visible  image  would  be  to  use  digital  rather  than  optical  processing,  computing  the  image 
re  from  the  holographic  data.  Digital  processing  becomes  increasingly  attractive  as  digital  equipment  continues  to 


improve  in  speed  and  compactness  but  the  inherent  simplicity  and  ropidity  ot  optical  processing  itill  otter  many  advantages 
♦or  experimental  work. 

\ .3  Effects  of  Scaling 

If  optical  images  ore  to  be  reconstructed  trom  microwave  hologroms,  the  hologram  should  ideolly  be  scaled  dawn  in  size 
from  the  original  record  in  the  ratio  of  the  optical  to  the  microwave  wavelengths.  This  ratio  is  typically  ol  the  order  ot 
I:  to  000  (0.6  pm  to  6 mm)  so  that  the  original  I m dimension  of  the  holographic  aperture  becomes  100  pm,  i e . too  small 
for  convenient  handling  on  a normal  optical  bench.  Some  compromise  is  required  and,  in  practice,  a scaling  factor  in  the 
region  of  1:200  is  commonly  used,  leadirg  to  o scaling  error  of  the  order  of  50: 1 . The  effects  of  such  a scaling  error  are 

si^iificant  but  they  may  be  compensated  and  do  not  detract  from  the  utility  of  the  images. 

A simple,  non-rigorous  approach  moy  be  adopted  to  appreciate  the  main  consequences  of  any  scaling  error  present.  Let  us 
assume  that  the  ratio  of  the  wavelength  of  the  microwave  radiation,  used  for  recording  the  holoyam,  to  that  of  the 

coherent  light,  to  be  used  for  the  reconstruction,  is  p . Then,  if  the  height  of  the  microwave  hologram  is  pH,  the  height 

of  a corresponding,  perfectly  scaled,  optical  version  would  be  H.  An  object  of  height  phot  o distance  />R  from  the 
recording  would  lead  to  o perfectly  scaled  image  of  height  h,  at  a distance  R from  the  ideal  optical  holo^am,  as  in 
figure  3(a) . Now  let  the  optical  holoyom  used  in  practice  be  largei  in  size  than  the  ideal  by  a lineor  factor  s,  so  that  s 
is  the  scaling  error  referred  to  previously  ond  the  height  of  the  procticol  hologram  then  becomes  sH,  as  in  figure  3(b). 

Since  the  distances  between  the  fringes  constituting  the  holoyom  have  also  been  increased  by  this  lineor  foctor  s,  the 
angular  diffraction,  which  is  determined  by  the  fringe  separation,  will  be  decreased  at  each  point  on  the  hologram.  From 
the  u*uo  diffraction  grating  theory,  we  can  predict  that  any  original  diffraction  angle  9 will  be  reduced  to  a,  where 
sin«  = . In  most  cases,  9 and,  hence, a are  both  sufficiently  small  that  we  may  put  OL  &/\  i R tR.  The  lines  A,B, 

ond  O ) B i which  are  separated  by  the  angled  in  figure  3(a),  may  be  loosely  considered  as  rays  which  become  A-  Bj 
and  Oj  Bj  separated  by  the  angle#  in  figure  3(b).  Since  the  ray  Aj  Bj  remains  perpendicular. to  the  holor^am,  die 
two  rays  intersect  to  give  an  enlarged  image,  of  height  sh,  at  B where  O.  Q-  i sh  a = sV  It  is  apparent  that  the 
lateral  ond  longitudinal  image  scaling  differ  in  magnitude  and  that  fhey  are  in  the  ratio  of  the  scaling  error  s. 

If  we  assume  that  the  angular  resolution  of  the  original  hologram  is  AX,  the  linear  resolution  across  the  image  isAR  VI 
which,  when  expressed  os  o fraction  of  the  image  height,  becomes  AR/hH.  For  the  enlarged  hologram,  the  angulai 
resolution  is  A sH  and  the  lateral  resolution  at  the  image  is  /}sH  . /R  » sARX.  Hence,  the  fractional  resolution  at  the 
image  remains  equal  to  AR/hH,  independent  of  s,  and  it  is  seen  that  the  scaling  error  does  not  affect  the  resolution  of  the 
image. 

The  principal  effect  of  the  scaling  error  is,  therefore,  to  introduce  distortion  due  to  the  discrepancy  in  the  lateral  ond 
longitudinal  magnifications  but  this  discrepancy  is,  of  course,  similar  to  that  normally  encountered  when  using  a simple  lens 
system  to  achieve  image  magnification.  An  appreciation  of  such  lens-li he  properties  of  holograms,  is  often  extremely 
useful. 

1.4  Display  of  Images 

Consider  an  object  of  height  1 m at  a range  of  5 m,  then,  using  the  scaling  fr  * r ond  sea.-  rg  error  introduced  in  section 
1 .3,  the  optical  image  will  be  of  height  5 mm  ond  at  a distance  of  1.25  m !,_  the  hologrom.  The  small  size  of  the  image 
and  the  small  diffraction  angles  inherent  in  the  formation  of  the  image  render  direct  viewing  by  the  human  eye  difficult 
and,  possibly,  hazardous  with  a laser.  It  is  more  convenient,  therefore,  to  generate  a real  image  directly  on  the  face  of  a 
vidicon  in  a CCTV  camera  as  shown  in  figure  4.  By  varying  the  distance  between  the  vidicon  and  the  hologram,  it  is 
possible  to  interrogate  the  image  field  rapidly,  displaying  on  o monitor  successive  two  dimensional  slices  of  the  three- 
dimensional  image.  An  arrangement  of  this  form  can,  of  course,  be  calibrated  to  obviate  the  effects  of  any  image  distor- 
tion introduced  by  the  differences  in  lateral  and  longitudinal  magnification. 

1.5  Intensity  of  Reflections 

Since  the  intensity  distribution  over  the  optical  image  corresponds  to  the  strength  of  the  reflections  of  the  microwave 
radiation  from  objects  within  the  original  field  of  view,  the  image  may  be  inspected  to  determine  the  relative  echoing 
areas  of  such  objects.  A convenient  null  method  of  achieving  this  involves  the  insertion  of  suitable  neutral  density  filters 
in  the  path  of  the  laser  beam  illuminating  the  hologram.  An  A-scope  display  of  the  vidicon  output  is  used  to  interrogate 
the  image  detail  and  the  attenuation  in  the  laser  beam  is  varied  until  the  signal  from  the  image  attains  a predetermined 
level . 


2.  70  GHz  SYSTEM 

The  first  microwave,  holographic  recording  opporotus  constructed  at  Wells  in  1966  operated  at  V GHz.  The  choice  of 
frequency  was  dictated  by  a desire  to  achieve  acceptable  resolution  with  o relatively  small  pilot  experiment  employing 
components  that  were  readily  available  at  that  time.  The  general  experimental  arrangement  is  shown  schematically  in 
fij^rre  5 and  it  will  be  seen  that  the  method  adopted  to  form  the  interference  pattern  bore  a close  resemblance  to  the 
techniques  in  use  for  optical  holography.  A view  of  the  apparatus,  as  seen  from  the  location  of  the  object  to  be  imaged,  i 
shown  in  figure  6. 

The  c.w.  signal  generated  by  the  klystron  was  chopped  at  500  kHz  ond  90%  of  it  was  then  radiated  from  the  horn  on  the 
right  of  the  illustration  to  illuminate  the  region  occupied  by  a suitably  reflecting  object.  The  remainder  ot  the  signal 
was  used  to  provide  a reference  wave  which  diverged  from  a second  horn  acting  as  a point  source  si  footed  adjacent  to  the 
desired  field  of  view.  An  open-ended  length  of  wave^jide  was  employed  as  a small  aperture  aerial  or  probe  to  sample  the 
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interference  pattern  formed  by  the  mixture  of  the  reference  wave  with  the  rodiafion  reflected  from  the  object.  The  probe 
executed  a rotter  of  500  linet  to  cover  an  area  500mm  square  and,  after  detection,  the  beat  signal  was  amplified  at  500 kHz 
with  a bondwidth  of  1 kHz,  before  it  was  fed  to  a phase  sensitive  detector  which  had  on  output  bandwidth  of  10Hz  This 
bandwidth  was  adequate  to  accommodate  all  the  frequencies  present  in  the  holocyaphic  fringe  amplitude  information  when 
the  probe  scan  velocity  was  limited  to  200  may's.  The  output  of  a suitably  masked  Ferranti  light  source,  type  CL40  which 
can  be  seen  mounted  alongside  the  probe  aerial,  was  modulated  by  the  beat  sir^al  so  that  a photographic  record  coiild  be 
obtained  on  kodak  Ortho  Type  3 film  using  the  camera  standing  behind  the  sconning  frame.  The  experiment  was  carried 
oof  in  a darkened  room  and  the  camera  shutter  was  held  open  during  the  total  period  of  the  recording  which  lasted  for 
approximately  20  minutes.  The  holoyom  obtained  in  this  manner  measured  approximately  50  mm  square  and  it  was 
subsequently  further  reduced  onto  a Kodak  MR  plate  so  that  it  then  occupied  an  area  only  5 mm  square,  corresponding  to  a 
total  linear  scaling  factor  of  1:100.  When  the  light  from  an  HeNe  laser  was  used  for  reconstruction,  the  ratio  of  recon- 
structing to  recording  wavelengths  was  1:6  800,  leading  to  a residual  scaling  error  in  this  case  of  68: 1 . 

Holo^ams  were  mode  of  a variety  of  objects  including  one  in  the  form  of  the  letters  EMI.  The  letters  were  each  250  mm 
high  and  assembled  from  round-headed  bolts  attached  to  metal  strips  at  intervals  of  approximately  25  mm.  The  distance  of 
the  letters  from  the  scanning  frame  was  slightly  less  than  that  of  the  reference  source.  When  a holoyom,  mode  using  this 
°b|*ct > illuminated  by  coherent  light  focussed  on  a point  at  o suitable  distance  beyond  the  hologram  true  ond  con- 
lugote  real  images  were  formed  respectively  in  front  of  ond  behind  the  image  of  the  reference  source. 

The  images  could  be  interrogated  with  a vidicon  and  the  two-dimensional  images  obtained  by  siting  the  vidicon  to  bring 
either  the  true  or  conjugate  image  into  focus  are  shown  in  figures  7(a)  and  7(b).  The  conjugate  image  is,  of  course 
inverted  and  when,  as  in  figure  7(b),  it  is  in  focus,  the  true  image  is  clearly  out  of  focus.  Thu,  this  early  work  demon- 
strafed  the  three-dimensional  imagery  of  radio  holo<yams. 


An  alternative  method  of  reconstruction  was  also  investigated  using  a simple  electric  flash  lamp  bulb  as  the  source  of 
i Nomination.  At  a distance  of  2 m,  the  bulb  provided  a sufficiently  small  source  that,  when  it  was  viewed  through  a red 
gelatine  filter  with  the  hologam  held  some  50  mm  from  the  eye,  true  and  conjugate  virtual  images  were  readily  visible  in 
the  region  of  the  source.  By  small  changes  in  the  relative  positions  of  the  eye,  the  holoyam  and  the  source,  adequate 
parallax  could  be  achieved  to  appreciate  the  separation  in  range  between  the  true  and  conjugate  images. 


The  results  ochieved  at  70  GHz  were  sufficient  to  encourage  further  work,  but  in  view  of  a desire  to  obtain  heater 
sensitivity,  it  wos  decided  to  construct  the  next  equipment  to  operate  at  a lower  frequency. 

3.  10  GHz  SYSTEM 

Sources  with  high  power  output,  and  sensitive  mixers  with  low  noise  figures  are  more  eosily  obtained  at  the  lower  microwave 
frequences  but  the  use  of  a lower  frequency  leads  to  a reduction  in  the  resolution  that  con  be  achieved  with  a given  size 
of  recording  aperture.  It  was  decided,  therefore,  to  choose  an  operating  frequency  of  10  GHz  and  to  increase  the  aperture 
size.  During  the  initial  experimental  period  at  10  GHz  several  innovations  were  introduced  and  the  most  significant  of 
these  was  the  replacement  of  the  radiated  reference  wave,  as  used  in  the  70  GHz  system  described  above,  by  a small 
fraction  of  the  transmitter  power  coupled  directly  into  the  local  oscillator  port  of  o conventional  mixer.  Since  a constant 
phase  difference  then  existed  between  the  phase  of  the  reference  sigial  and  that  of  the  transmitted  signal,  the  injected 
reference  simulated  a plone  reference  wave  incident  on  the  recording  aperture  from  a direction  perpendicular  to  the 
aperture.  _ The  use  of  a simulated  reference  signal  bestowed  two  immediate  benefits:  there  was  no  longer  o need  to  introduce 
hardware  into  the  field  of  view  to  provide  the  reference  source  ond  the  increased  level  of  the  reference  signal  available  at 
the  mixer  led  to  greater  system  sensitivity. 


It  is  apparent  from  the  reciprocity  theorem  that,  for  a bistatic  system,  similar  interference  patterns  would  be  recorded  if 
either  the  transmitter  or  receiver  aerial  were  scanned  with  the  other  held  stationaty  and,  in  practice,  it  was  more  convenient 
to  let  the  transmitter  aerial  be  scanned.  In  either  case,  however,  it  was  necessary  to  provide  some  form  of  flexible  micro- 
wave  linkage  in  the  equipment  between  the  transmitter  and  receiver  aerials  and  low-loss,  rotating  joints  were  specially 
designed  and  constructed  at  Wells  for  use  with  rigid  co-axial  cable  to  carry  the  10  GHz  signal  to  the  scanning  aerial. 

To  reduce  the  loss  in  resolution  consequent  on  selecting  to  work  at  10  GHz,  the  size  of  the  recording  aperture  was  increased 
to  1 m square  and  it  was  scanned  in  a raster  pattern  with  the  vertical  spacing  between  the  horizontal  scanning  lines  adjust- 
able from  0.25  mm  to  5 mm.  A light-tight  box  was  built  to  surround  both  the  scanning  frame  and  the  camera  lens  and  one 
side  of  the  box  consisted  of  a thin  sheet  of  optically  opaque  polythene  to  allow  the  passage  of  the  microwave  radiation.  It 
was  then  no  longer  necessary  to  operate  the  equipment  in  a b lacked -out  room. 

The  microwave  source  was  a klystron  providing  a peak  power  of  80  mW  and  its  output  was  amplitude  modulated  by  a 500  kHz 
square  wave.  The  received  signal,  after  mixing  with  the  injected  reference,  was  amplified  at  500  kHz  by  a narrow  band 
amplifier  prior  to  further  mixing  with  a sample  of  the  500  kHz  modulation  in  o phase  sensitive  detector.  The  low  frequency 
output  was  used  to  modulate  the  intensity  of  a suitably  masked,  fluorescent  indicator  Kibe,  Mu  I lard  type  DM160,  which  was 
mounted  alongside  the  scanning  aerial.  The  intensity  modulation  was  recorded  on  Polaroid  461  film  and  the  holographic 
fringes  could  be  seen  clearly  on  the  film  when  the  hologram  occupied  an  area  approximately  10  mm  square.  This  size  of 
holoyam  corresponded  to  a scaling  factor  of  1:100  compared  with  the  factor  of  1 50000 required  for  perfect  scaling  when 
the  light  from  a HeNe  loser  was  used  for  reconstructing  the  images.  The  residual  scaling  error  was  therefore  500: 1 but  it  was 
found  that,  with  experience,  satisfactory  images  could  be  displayed  on  a television  monitor  despite  the  large  scaling  error. 

Attempts  were  mode  at  that  time  to  modify  the  recording  technique  so  that  the  microwave  interference  patterns  might  be 
recorded  directly  in  a manner  analogous  to  that  in  which  a photographic  plate  records  optical  holo^ams.  The  methods 
investigated  relied  on  recording  localised  chonges  in  temperature  due  to  the  absorption  of  the  incident  microwave  energy. 
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If  such  temperature  changei  are  large  enough,  they  may  be  u«ed  to  modify  locally  the  speed  of  development  of  Polaroid 
colour  film  which  has  previously  been  uniformly  exposed  to  light.  Alternatively,  liquid  crystals  might  be  used  to  display 
the  temperature  variations.  Although  this  latter  technique  was  found  to  be  odequate.  to  indicofe  the  near  field  polar  diagram 
of  a small  aerial,  neither  technique  was  sufficiently  sensitive  to  record  holoyams  at  the  microwave  power  levels  available. 

Other  methods  of  recording  the  output  signal  from  the  sconning  frame  were  investigated  including  the  use  of  a Mufax 
recorder,  a brightness-modulated  cathode  ray  tube  and  a cathodo-chromic  device.  Each  of  these  methods  hod  the  advantage 
that  the  light-tight  box  could  be  dispensed  with  so  that  the  total  holographic  recording  equipment  could  be  more  compoct. 
Synchronisation  of  each  recording  device  with  the  scanning  aerial  was  achieved  either  by  means  of  a train  of  pulses 
generated  by  the  aerial  motion  along  a scan  line  or  from  positional  information  derived  from  potentiometers  coupled  to  the 
aerial  drive  mechanism. 

The  Mufax  recorder  was  a modified  weather  chart  recorder,  the  input  signal  to  which  produced  a colouration  on  sensitized 
paper  sandwiched  between  a knife  edge  and  a helix.  As  the  helix  rotated,  in  response  to  the  synchronising  pulse  train,  the 
point  of  intersection  between  the  helix  and  the  knife  edge  traversed  the  poper.  The  hologram  recorded  in  this  fashion  was 
approximately  200  mm  square  and  it  was  subsequently  reduced  photographically  to  provide  a transparency,  10  mm  square, 
which  was  used  for  the  reconstruction  process. 

When  using  the  cathode  ray  tube,  the  focussed  spot  was  scanned  over  the  phosphor  in  synchronism  with  the  scanning  aerial 
and  the  intensity  of  the  spot  was  modulated  by  the  holographic  signal.  Pulse  duration  modulation  was  used  to  overcome  any 
non-linearity  in  the  brightness  characteristic  of  the  phosphor.  The  holog-am  was  recorded  at  the  required  size  by  taking  a 
time  exposure  photograph  of  the  raster. 

Each  of  the  recording  methods  described  above  involved  the  use  of  photographic  processing  to  produce  the  hologram,  an 
obvious  obstacle  to  the  achievement  of  a real-time  system,  and  a novel  cathodo-chromic  tube  was  devised  at  Wells  to 
overcome  this  obstacle.  The  device  was  basically  a high  resolution  cathode  ray  tube  in  which  a single  polished  crystal  of  a 
cathodo-chromic  material,  such  as  KBr,  approximately  15  mm  in  diameter  and  2 mm  thick,  replaced  the  phosphor  of  o 
conventional  tube.  An  optically  flat  window  was  inserted  into  the  side  wall  of  the  tube  and  a small  plane  mirror,  inclined 
at  45  deg  to  the  axis  of  the  tube,  was  mounted  on  the  anode, see  figure  8.  The  electron  beam  passed  through  a hole  in  the 
centre  of  the  mirror  before  striking  the  crystal,  which  was  normally  transparent,  and  the  electron  bombardment  of  the 
crystal  created  colour  centres  which  absorbed  light  of  the  wavelength  generated  by  a HeNe  laser.  Since  the  colouration 
took  place  on  an  atomic  scale  and  was  confined  to  the  region  close  to  the  surface  of  the  crystal,  the  resolution  that  could 
be  achieved  was  determined  principally  by  the  electron  optics. 

When  the  electron  beam  was  scanned  in  synchronism  with  the  scanning  aerial  and  the  intensity  of  the  beam  was  modulated 
by  the  receiver  output,  a reduced  version  of  the  hologram,  approximately  10  mm  square,  was  drawn  in  the  crystal.  The 
holoyam  was  illuminated  by  coherent  light  which  passed  through  the  side  window  and  was  reflected  by  the  mirror  inside  the 
tube.  The  reconstructed  image  was  observed  using  a vidicon  in  the  manner  described  previously  and  the  resolution  of  the 
image  could  be  seen  to  improve  during  the  recording  process  as  the  extent  of  the  recorded  hologram  increased. 

The  significance  of  using  a sample  of  the  transmitted  signal  as  a local  oscillator  signal  to  simulate  a reference  wave  has 
been  described  previously.  Since  it  corresponded  to  a reference  source  on  boresight,  it  appeared  inand  obscured  the  centre 
of  the  field  of  view  when  the  holoyaphic  image  was  reconstructed.  The  obscuration  could  be  removed  by  simulating  the 
presence  of  an  inclined  reference  wave  over  the  recording  opertu;e  by  the  introduction  of  a uniform  spatial  rate  of  change 
of  phase  of  the  reference  signal  with  respect  to  the  transmitted  signal.  It  was  possible  to  take  advantage  of  the  scaling 
error  to  use  a sufficiently  high  rate  of  change  of  phase  on  recording, that  the  entire  image  field,  which  was  of  reduced 
angular  extent  due  to  incorrect  scaling,  was  completely  removed  from  the  region  of  the  undiffracted  reference  beam  when 
the  image  was  reconstructed. 

Initially,  the  offset  reference  wave  was  created  by  incrementing  the  phase  of  the  reference  signal  by  90  deg  at  the  start  of 
each  of  the  240  scanning  lines  which  were  spaced  4 mm  apart.  This  corresponded  to  a spatial  frequency  62.5  cycles  m, 
almost  twice  the  maximum  of  33.3  cycles/m  which  would  arise,  at  10  GHz  from  signals  arriving  from  a direction  perpendi- 
cular to  boresight.  Hence,  after  mixing  but  before  reduction,  the  spatial  frequencies  corresponding  to  objects  in  the  field 
of  view  occupied  the  band  from  29.2  to  95.8  cycles  m,  well  displaced  from  the  zero  frequency  which  corresponded  to  the 
undiffracted  portion  of  the  beam  on  reconstruction . The  schematic  arrangement  of  a typical  equipment  employing  an 
inclined  reference  wave  is  shown  in  figure  9. 

An  example  of  the  results  is  given  in  fic^re  10,  which  is  a photograph  of  a reconstructed  image.  The  corresponding  hologram 
was  recorded  with  the  equipment  positioned  close  to  the  laboratory  window  and  viewing  a scene  consisting  of  sky  and  build- 
ings at  various  angles.  It  brings  out  very  clearly  the  advantage  of  displacing  the  image  of  the  field;  the  spot  at  the  top, 
corresponding  to  the  undiffracted  beam,  is  well  separated  from  the  circular  image  of  the  field.  The  reconstructed  images  of 
various  objects  are  formed  at  different  ranges, with  the  result  that,  in  a single  photograph  only  some  can  be  in  sharp  focus. 

A subsequent  system  used  a larger  scanned  area,  2 m square,  to  record  holograms  of  targets  predominantly  in  a direction 
perpendicular  to  the  scanned  area.  The  low  spatial  frequencies  induced  in  the  hologram  by  the  targets  in  this  case  per- 
mitted the  separation  between  the  lines  constituting  the  raster  to  be  increased, hut  this  of  course,  reduced  the  apparent 
angular  offset  of  the  reference  beam  simulated  by  90  deg  increments  in  the  reference  phas«'  between  the  lines.  It  was 
desirable  then  to  increment  the  phase  shift  as  the  aerial  moved  along  each  scan  line  and,  in  this  case,  the  phase  shift  was 
controlled  by  a pulse  train  similar  to  that  used  to  drive  the  Mufax  recorder  described  above. 

Initially  the  phase  shift  between  lines  was  accomplished  manually  using  a combination  of  a 90  deg  and  a 180  deg  phase 
shifter.  This  arrangement  was  soon  superseded  by  a ferrite  phase  shifter  in  which  phase  changes  of  0 deg,  9Q  deg,  180  deg 


and  270  dog  wore  introduced  by  pouing  the  appropriate  magnetiiing  current  through  a lolenoid  wound  around  a ilotted 
waveguide  containing  a luitable  ferrite,  tee  figure  II.  A unite  lector  wot  actuated  automatically  at  the  end  of  each  scan 
line  to  cycle  the  current  through  its  four  preselected  values  in  turn. 

The  speed  of  operation  of  the  ferrite  phase  shifter  was  limited,  however,  and  it  became  inadequate  when  the  requirement 
arose  to  increment  the  phase  shift  as  the  aerial  travelled  along  each  scan  line.  Consequently,  the  ferrite  phase  shifter  was 
replaced  by  a pair  of  PIN  diode  phase  shifters:  one  providing  90  deg  shift  ond  the  other  180  deg.  Each  device  comprised  a 
circulator  with  one  port  connected  to  a length  of  short-circuited  stripline.  In  one  case,  the  PIN  diode  was  positioned  in 
the  stripline  at  A/8  from  the  short  circuit  so  that  the  effective  path  length  of  the  stripline  could  be  varied  by  X/4  to  give 
a 90  deg  phase  change  when  current  was  switched  info  the  diode.  In  the  other  device  the  diode  was  placed  at  from 
the  short  circuit  to  give  180  deg  phase  change.  These  phose  shifters  proved  to  be  very  reliable  and  they  could  be  switched 
rapidly . 

The  theoretical  maximum  angular  resolution  that  can  be  obtained  using  a 1 m square  scanned  area  at  10  GHz  corresponds 
to  approximately  30  mrad  within  the  original  field  of  view.  In  practice  a resolution  angle  of  the  order  of  45  mrad 
was  measured  and  the  loss  in  resolution  could  be  attributed  to  the  amplitude  taper  of  the  illumination  present  over  the 
hologram  during  the  reconstruction  of  the  image.  This  amplitude  taper  was  introduced  to  reduce  the  sidelobe  level 
associated  with  each  reconstructed  image  point  and,  hence,  to  increase  the  dynamic  range  of  the  images  that  could  be 
reconstructed  simultaneously. 


The  introduction  of  the  equipment  with  the  larger,  2 m square,  scanned  area  provided  an  'ncrease  in  resolution.  This 
equipment  had  also  a greatly  improved  scanning  mechanism;  the  vertical  motion  was  achieved  by  means  of  two  vertical  lead 
screws  ond  the  horizontal  motion  was  carried  out  using  a rack  and  pinion  in  association  with  the  horizontal  drive  motor 
situated  on  the  carriage  bearing  the  transmitter  aerial.  With  an  equipment  of  this  size,  it  was  not  practicable  to  photo- 
graph a modulated  lamp  directly  as  in  the  case  of  the  smaller  scanned  areas.  Instead,  the  holograms  were  recorded  using 
the  Mufax,  c.r.t.  or  cathodo-chromic  tube  methods. 


4.  35  GHz  SYSTEM 

An  alternative  to  increasing  the  size  of  the  scanned  area  from  1 m to  2 m square,  in  order  to  achieve  higher  resolution,  was 
to  increase  the  microwave  frequency.  The  system  developed  at  10  GHz  had  proved  its  reliability  and  it  was  considered 
desirable  to  retain  the  system  concepts  as  far  as  possible  in  any  new  equipment.  Component  availability,  however,  then 
dictated  that  the  frequency  should  not  exceed  35  GHz. 

Initial  investigations  soon  showed  that  it  would  not  be  feasible  to  employ  a ferrite  phase -shifter,  principally  due  to  the 
potentially  high  insertion  loss  of  such  a device  at  35  GHz.  PIN  diode  switches  mounted  in  conventional  waveguide  were 
available,  however,  and  it  was  possible  to  construct  a suitable  phase-shifter  using  circulators  ond  short-circuited  guide  in 
a fashion  analogous  to  that  used  at  10  GHz.  The  feed  to  the  transmitter  aerial,  which  was  scanned  in  a raster  relative  to 
the  rest  of  the  equipment,  was  fabricated  from  lengths  of  rigid  waveguide  coupled  by  rotating  joints  which  were  specially 
designed  to  minimise  the  phase  and  amplitude  modulation  of  the  signal  within  the  linkage. 

The  35  GHz  equipment  was  used  in  conjunction  with  the  mechanical  frame  which  had  previously  been  used  at  10  GHz  to 
scan  over  an  area  1 m square.  The  separation  between  the  scan  lines  was  reduced  to  2 mm,  a total  of  500  lines  over  1 m, 
leading  to  a spatial  frequency  of  the  reference  signal  equal  to  125  cyclevm  when  the  reference  phase  was  incremented  by 
90  deg  between  scan  lines.  This  simulated  a plane  reference  wove  incident  from  a direction  perpendicular  to  boresight. 

In  practice,  small  horn  aerials  with  3 dB  beamwidths  of  approximately  + 15  deg  were  used  to  enhance  the  system  sensitivity 
so  that  the  effective  field  of  view  was  limited  and  did  not  suffer  from  any  intrusion  of  the  undiffracted  beam  when  the 
holographic  image  was  reconstructed. 

In  order  to  accommodate  the  larger  number  of  fringes  present  on  the  35  GHz  holograms, the  area  of  the  Polaroid  46L  film 
used  to  record  each  hologram  was  increased  to  20  mm  square.  The  maximum  fringe  density  on  the  recording  was  then 
equivalent  to  8 line  pairs  per  mm,  well  within  the  resolution  capability  of  the  film.  Each  hologram  was  subsequently 
reduced,  on  Kodak  MR  plates,  until  it  occupied  an  area  2 mm  square.  The  scaling  factor  was  then  1:500  compared  with 
the  factor  of  1:14000  which  would  have  been  required  for  correct  scaling.  The  residual  scaling  error  was  thus  28:1. 

The  theoretical  maximum  angular  resolution  that  could  be  ochieved  with  these  hologroms  was  equivalent  to  8.5  mrad  within 
the  originaf,  full  scale  field  of  view  but,  due  to  the  amplitude  taper  of  the  illumination  over  the  hologram  during  the 
reconstruction  process,  this  fic^jre  was,  in  practice,  degraded  to  14  mrad.  Nevertheless,  it  was  possible  to  recognise  the 
gross  outline  of  a vehicle  at  a range  of  some  20  m and  to  identify  specific  reflectors  on  the  body  of  the  vehicle,  see 
figure  12. 

5.  140  GHz  SYSTEM 

One  of  the  characteristics  that  was  very  apparent  from  the  images  reconstructed  from  the  35  GHz  holograms  was  the  absence 
of  a uniform  background  return  from  most  targets  at  this  frequency;  each  image  was  more  obviously  composed  of  a set  of 
discrete  high- lights.  Many  more  surface  areas  are  rough  to  2 mm  than  to  8 mm  radiation  so  that  more  scattering  will  occur 
at  the  shorter  wavelength.  Hence,  the  microwave  frequency  has  now  been  raised  to  140  GHz  to  provide  more  background 
and  to  assist  in  the  identification  of  more  complex  images. 

The  change  to  the  higher  frequency  precipitated  a significant  modification  of  the  holographic  system.  The  considerable 
reduction  in  the  weight  of  the  microwave  components  permitted  the  whole  of  the  microwave  assembly  to  be  mounted  on  the 
carriage  which  traverses  the  scanned  orea  in  a raster  fashion.  Mounting  the  microwave  head  in  this  compact  fashion  has 
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minimised  the  waveguide  losses  and  has  also  removed  the  requirement  for  any  quasi -flexible  r.f.  linkage  which  would  have 
been  difficult  to  fabricate  satisfactorily  at  140  GHz. 

The  system  now  operates  in  a monostotic  rather  than  a bistatic  manner  and,  since  both  the  path  length  front  the  transmitter 
aerial  to  any  object  in  the  field  of  view  and  the  return  path  length  back  to  the  roceiver  aerial  very  during  the  course  of  the 
scanning,  the  spatial  frequencies  of  the  fringes  recorded  on  the  holoycm  are  increased.  A similcr  fringe  density  would  be 
evident  if  o bistatic  system  were  to  be  used  at  a frequency  in  the  region  of  280  GHz.  Hence  *he  effective  angular 
resolution  of  the  system  is  increased  and  this  increase  is  consistent  with  the  utilisation  of  the  whole  scanned  area  by  both 
aerials. 

The  first  140  GHz  system,  which  is  shown  in  schematic  form  in  figure  13,  comprised  a klystron  source,  10  dB  coupler, 
variable  attenuator,  balanced  mixer  and  tranvnittlng  and  receiving  aerials.  The  layout  of  the  microwave  components,  the 
klystron  protection  circuits  and  the  pre-amplifier  is  shown  in  figure  14.  Unfortunately,  no  suitable  phase  shifter  was 
available  for  incorporation  into  the  system  to  permit  the  simulation  of  an  offset  reference  wave  of  the  type  used  at  10  GHz 
and  35  GHz.  Consequently,  the  aerials  ore  arranged  to  illuminate  and  interrogate  a field  of  view  offset  at  45  deg  to  the 
direction  perpendicular  to  the  scanned  orea  and  the  horizontal  dimension  of  the  aperture  has  been  increased  to  maintain  the 
same  angular  resolution  capability  in  both  the  horizontal  and  verticql  directions.  The  aerials,  which  were  specially 
electroformed,  each  have  a one  way  1 .5  dB  beamwidth  of  + 10  deg. 

The  140  GHz  source  is  an  EMl-Varian  Ltd.  klystron.  Type  VRT  2T21A,  which  has  an  output  power  rating  of  100  mW.  The 
remaining  microwave  components,  including  the  aerials,  were  fabricated  at  Wells.  The  directional  coupler  is  a Type 
MC2028,  the  level  set  attenuator  isaType  MC90.  The  balanced  mixer.  Type  MC1129,  is  fitted  with  waveguide  wafers, 

Type  MC1929,  which  incorporate  low  noise  gallium  arsenide  Schottky  barrier  diodes. 

The  balanced  mixer  was  selected  initially  to  minimise  the  adverse  effects  of  any  amplitude  modulated  noise  generated  by 
the  klystron.  In  practice,  it  was  found  that,  with  the  'esent  homodyne  system,  the  low  frequency  noise  from  the  Schottky 
barrier  diodes  imposed  the  more  severe  restriction  on  sys.-.n  sensitivity,  and  a single  ended  mixer  has  now  been  adopted. 

Since  there  is  no  longer  the  requirement  to  provide  a balanced  pair  of  diodes,  the  diode  selection  con  now  be  based  on  the 
criteria  of  low  noise  temperature  ratio  ond  high  conversion  efficiency  leading  to  improved  system  sensitivity 

The  scanning  mechanism,  which  transports  the  microwave  unit  in  a raster  over  a vertical  plane  approximately  I m high  and 
1 .5  m wide,  is  considerably  more  robust  than  those  used  previously  at  the  lower  frequencies.  It  is  designed  to  ensure  that 
the  horizontal  scan  lines  are  straight  to  within  0.2  mm  and  that  the  microwave  unit  does  not  deviate  by  more  than  0.05  mm 
from  the  prescribed  vortical  scanning  plone.  Increments  of  1,  2,  4,  8 or  16  mm  between  the  scan  lines  can  be  selected. 

The  signal  from  the  mixer , after  suitable  amplification,  is  used  to  modulate  the  output  intensity  of  a light  emitting  diode 
mounted  alongside  the  microwave  unit.  Variations  in  the  intensity  of  the  l.e.d.  are  recorded  on  Polaroid  46L  film  as  on 
the  previous  equipments  and  a telescopic  tube,  with  the  l.e.d.  at  one  end  and  the  stationary  camera  at  the  other,  is  used 
to  provide  the  requisite  light-tight  enclosure  between  them. 

When  first  recorded,  the  holograms  occupy  an  area  of  50mm  by  75mm  on  the  film  and  a grey  scale  comprising  ten  d:screte  inten- 
sity levels  is  recorded  simultaneously  in  the  form  of  a step  wedge  alongside  the  hologam . This  step  wedge  is  used  to  verify  the 
transfer  characteristics  between  the  l.e.d.  and  the  film  and  to  monitor  the  subsequent  photographic  processing  when  the  holograms 
ore  reduced  toon  area  of5mm  by  7.5mm  on  Kodak  HR  plates.  The  total  scaling  factor  used  is  then  approximate  ly  1 200  compared 
with  the  ratio  of  effective  wave  lengths  which  is  in  the  region  1:1  800  when  due  allowance  is  made  for  the  monostatic  operation  of 
the  equipment.  The  residual  scaling  error  is  then  only  9;  1 , much  lower  than  that  pertaining  to  the  previous  equipment. 

Reconstruction  of  the  holocyaphic  images  is  usually  achieved  by  means  of  a HeNe  laser  in  conjunction  with  a television 
camera  and  monitor  as  described  previously  but,  in  some  cases,  it  is  possible  to  observe  a virtual  image  by  eye  provided 
adequate  safety  precautions  are  observed. 

Figure  15(b)  shows  a typical  reconstructed  image.  The  original  vehicle  is  shown  in  figure  15(a).  The  Land  Rover  was 
situated  at  a range  of  13  m ond  it  was  inclined  at  10  deg  to  the  broodside  aspect  so  that  the  tail  gate  was  just  visible,  at  an 
oblique  angle.  The  outline  of  the  vehicle  is  clearly  visible  in  the  reconstructed  image.  The  wheel  arches  are  well  defined 
due,  it  is  believed,  to  the  scattering  of  radiation  by  the  rough  surfaces  beneath  the  wheel  arches.  The  wheels,  themselves, 
do  not  form  recognisable  images  but  characteristic  returns  are  obtained  from  the  wheel-hubs.  The  strongest  return  is  obtained 
from  the  rear  of  the  driver's  cab  which,  due  to  the  curvature  of  the  surface,  provided  a strong  specular  reflection  at  all 
positions  of  the  r .f . platform.  The  canvas  canopy  does  not  provide  a significant  echo  but  reflecting  objects  under  if  can 
be  seen.  For  example  an  image  of  the  spare  wheel,  which  is  carried  upright  behind  the  driver's  cab,  can  be  detected  and 
echoes  from  two  of  the  three  hoops  which  support  the  canopy  can  also  be  seen.  The  gap  between  the  nearside  door  and  the 
body  of  the  vehicle  appears  as  a vertical  line  of  small  reflectors.  The  wing  mirrors,  door  hinges,  door  handle,  ventilator 
grille  and  the  irrec^jlar  surface  of  the  tail  gate  all  give  characteristic  echoes. 

The  second  reconstruction,  fi tyve  16,  was  obtained  from  a 140  GHz  hologram  of  letteis  approximately  200  mm  high  at  a 
range  of  approximately  3 m.  The  object  was  placed  in  front  of  a non-reflecting  background  and  was  cut  from  material  with 
a metallic  surface  coating.  The  reconstruction  shows  a considerable  improvement  in  image  quality  compared  with  the  ear  fv 
results  shown  in  figure  7. 

6.  FUTURE  POSSIBILITIES 


j 


I 


I 


Microwave  holographic  imaging  methods  of  many  kinds  have  been  investigated  and  much  experience  has  been  acquired. 
The  expected  performance  can  be  achieved  ond  gives  recognisable  images  of  man-mode  objects.  Developments  will  be 
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directed  towards  real  time  systems  with  fast  scanning  and  immediate  visual  reproduction  rmd  also  towards  systems  with  better 
resolution  and  extended  dynamic  range.  In  special  application^digital  processing  methods  may  well  be  exploited  to  give 
increased  dynamic  range.  As  component  technology  at  millimetre  and  submillimetre  wavelengths  improves,  the  extension 
of  microwave  holography  to  even  shorter  wavelengths  will  be  possible  and  this  will  lead  to  further  improvements  in 
resolution.  A real  time  millimetric  holoyaphic  system  giving  an  immediate  visual  image  with  good  resolution  can  certainly 
be  envisaged  during  the  next  decode  as  a development  with  both  civil  and  military  potential. 
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DISCUSSION 

H. Brand,  FRC. 

Wlwt  is  the  recotxling  time  for  one  picture? 

Is  it  possible  to  get  this  at  real  time  e.g.  less  than  20  ms? 

Author's  Reply 

No  attempt  was  made,  for  the  experiments  described,  to  reduce  the  recording  time,  which  was  about  1 5 minutes 
(sav  I ksV  The  use  of  rotary  scanning  rather  than  reciprocal  scanning  and  the  use  of  multiple  receivers  and/or 
transmitters  could  reduce  scanning  time  as  also  could  suitable  "arravthining"  techniques.  Reductions  to  the  order 
of  I 10  secs  might  be  envisaged  but  only  for  very  restricted  applications  could  anything  faster  be  achieved  at  present, 
bearing  in  mind  the  S/N  requirements. 
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SUMMARY 


This  paper  describes  the  results  of  prototype  radiometer  frontends  at  90  GHz  using 
encapsulated  whi skerd iode s . The  diodes  are  embedded  in  a commonly  used  reduced  hight 
waveguide,  but  in  addition  a special  fixture  allows  to  move  the  diodes  up  and  down 
in  respect  to  the  waveguide  or  to  turn  it.  This  leads  to  a very  simple  matching  pro- 
cedure. The  mixers  are  easy  to  balance.  LO-power  is  achieved  using  a '»5  GHz-Gunn- 
oscillator  followed  by  a varactor-doubler.  The  unit  has  an  efficiency  of  1*1  % de- 
livering on  output  power  of  about  10  mW  at  90  GHz.  Including  isolator  losses  (0.6  dB) 
and  IF-noise  figure  (2.5  dB)  the  dsb  noise  figure  of  the  entire  front  end  is  about 
9 dB,  whereas  the  single  mixers  dsb  noise  figure  is  less  than  4 dB. 


1 . INTRODUCTION 


This  paper  describes  design  and  performance  of  90  GHz-font  ends  developed  at  AEG- 
TELEFUNKEN.  Because  of  the  purpose  to  realise  front  ends  exhibiting  high  reliability 
with  good  electrical  values,  the  devices  incorporate  encapsulated  whisker  diodes, 
which  today  still  exhibit  better  mechanical  stability.  This  is  important  especially 
regarding  military  applications. 

Problems  incorporated  in  the  design  of  mm-wave-components  are  not  only  electrical 
but  even  more  mechanical  ones.  Taking  into  account  the  excellent  tool ing-capa - 
bilities  concerning  milling,  drilling,  soldering,  and  lathing  at  AEG-TELEFUNKEN 
these  devices  were  designed  under  this  conditiones.  In  fig.  1 the  principal  block 
diagram  of  the  devices  is  shown:  Passing  the  circulator  the  signal  is  applied  at 
the  11-port  of  a folded  Magic  Tee  and  is  down  converted  by  means  of  two  mixers 
mounted  on  backside.  The  LO-power  enters  the  Magic  Tee  over  the  E-port.  As  well 
known  these  balanced  devices  provide  a good  LO-noise  surpression  in  such  a way,  that 
the  IF-currents  are  added,  whereas  the  LO-noise  contribution  vanishes  at  the  IF- 
amplifier  input.  But  in  contrast  to  common  used  lumped  IF-hybrid  transformers  the 
shown  diode  configuration  needs  only  a simple  IF-junction  which  delivers  less 
attenuation  and  more  bandwith.  In  addition  the  high  IF-output  resistance  which  after 
optimising  amounts  to  150VI  can  be  reduced  to  about  7 5 by  connecting  mixer’s  IF- 
output  in  parallel. 


2.  COMPONENTS 


2.1  Mixer  Device 


Fig.  2 gives  a look  at  the  mixer's  block  mount  cross-section.  The  diode  is  soldered 
on  a coin-silver  post,  centered  and  fixed  by  a collet,  which  consists  of  gold 
plated  brass.  The  advantage  of  this  diode-pick-up  is  that  the  diode  can  easily  be 
matched  by  turning  it  or  by  vertical  displacement  of  diode’s  position.  This  allowes 
to  optimise  the  diode’s  coupling  factor  as  well  as  the  series  inductance.  The  opti- 
misation procedure  demands,  of  course,  s carefully  tuning  of  the  backshort.  The 
built  up  technology  needs  several  steps  to  get  good  results:  At  first  the  diode's 
caps  as  well  as  the  choke's  front  planes  must  be  covered  with  a thin  layer  of 
solder.  After  that,  the  tuning  parameters,  e.g.  the  positions  of  the  diode  and  of 
the  backshort  are  optimised  in  respect  of  conversion  loss,  noise  figure,  and 
balance.  The  so  tuned  unit  now  can  be  fixed  by  heating  up.  Small  mismatches  caused 
by  this  solder  procedure  can  be  compensated  by  change  of  the  short  position. 

Some  words  should  be  said  concerning  the  backshort,  which  is  wellknown  in  principle, 
but  differs  from  others  in  a small  detail,  fig.  2:  The  backshort  has  a second  eye 
spaced  half  a wavelength  from  the  first.  This  second  eye  has  a little  bit  higher 
diameter  compared  with  the  waveguide  height.  The  compression  of  this  eye  leads  to 
a controlled  bend-up  of  the  first  to  achieve  a good  ohmic  contact.  The  material  used 
is  fine  rolled  silver  beeing  strong  enough  to  compensate  some  roughness,  which  may 
occure  at  the  milled  inner  waveguide  walls.  The  tapered  waveguide  itself,  the  choke 
section  and  the  collet  funnel  are  tooled  in  two  separate  pieces  of  coin  silver  press- 
fitted  together  in  a block  of  brass.  This  construction  was  chosen  by  reason  of  the 
impossibility  of  gold  plating  the  inner  surface.  The  collet  funnel  formed  by  drilling 
and  finished  by  printing  in  a special  tool  has  a surface  hard  enough  to  allowc  a 
repeated  clamping  procedure. 


To  achieve  a reproducible  positioning  of  diode  and  backahort,  a suited  tuning  support 
has  been  developed. 

In  order  to  achieve  an  excellent  mechanical  stability  with  good  electrical  values, 
the  choke  has  to  be  designed  very  carefully.  The  structure  centered  by  a teflon 
support  shell  consists  of  two  quartorwave  long  silver  rolls  which  are  stringed  and 
soldered  on  a thin  hardened  steel  needle.  The  isolation  of  the  choke  is  better  than 
30  dll  at  90  GHz. 

2.2  Design  Aspects  for  the  Local  Oscillator 

Local  oscillators  for  radiometer  receivers  at  90  GHz  today  consists  either  of  a 
clystron,  a 90  GHz-Gunn-oscillator , or  of  a 45  GHz  Gunn-osc  i 1 1 a tor  followed  by  a 
varactor  doubler.  Tmpa t t-osc i 1 1 a tor s are  used  rather  seldom  for  this  purpose  be- 
cause of  their  higher  inherent  noise  measure. 

The  radiometer  front  ends  discussed  here  are  equipped  with  a varactor  doubler.  This 
alternative  exhibits  a simpler  set  up  compared  with  o clystron  and  is  less  expensive 
and  seems  to  be  more  reliable  than  a 90  GHz  Fundamental  Mode  Gunn  Oscillator. 

In  fig.  3 the  used  local  oscillator  is  shown.  Varactor-  and  Gunn-mount  are  built  up 
using  reduced  height  waveguide  technique.  The  cut -of f - frequency  of  the  varactor’s 
waveguide  is  choosen  in  such  a way,  that  the  total  varactor  mount  length  amounts  to 
a half  wavelength  at  4 5 GHz  and  to  three  half  wavelength  at  90  GHz.  To  achieve  a 
well  matched  operation  between  Gunnelement  and  varactor  diode  a tuned  combination 
of  iris  and  WR  19  spacer  is  used,  which  together  is  responsible  for  decoupling  both 
components  at  90  GHz.  The  oscillator  power  at  45  GHz  is  reflected  at  the  input  of 
the  WR  lO  waveguide.  The  coaxial  RF-band-stop  filter  of  the  varactor  mount  is  valid 
for  45  GHz  as  well  os  for  90  GHz. 

Some  data  should  be  listed  up. 

45  GHz  oscillator  typical  power:  70  mW 

efficiency  of  the  Gunn-elemen t : 1.9  % 

varactor  output  power  at  90  GHz:  10  mW 

varactor  efficiency:  l4 

This  unit  can  be  tuned  over  a frequency  range  of  900  MHz  by  a sapphire  screw. 

The  application  of  the  receiver  for  radiometer  systems  demands  a high  LO-decouplin 
of  the  signal  input  part.  As  well  known  an  unbalanced  diode  mismatch  of  the  LO  lea 
to  unwanted  LO-leakage  which  may  be  responsible  for  false  signals  caused  by  the 
Dicke-switch  or  hv  dopplcr  effects. 

To  dominate  this  LO-leakago  a circulator  terminated  by  a sliding  load  was  taken  in- 
stead of  a common  used  isolator  having  only  30  dD  of  isolation.  This  termination  is 
realised  using  the  small  mismatch  of  a stepped  absorb  t,  which  has  a return  loss 
being  similar  to  the  isolation  of  the  circulator.  The  phase  can  be  tuned  by  shifting 
the  absorber  (sliding  load).  The  decoupling  which  easily  can  be  reproduced  in  this 
way  is  better  than  45  dB.  Including  15  dB  isolation  of  the  Magic  Tee  the  total  L0- 
decoupling  amounts  to  60  dB.  Thus  the  front  end  has  a LO-emission  of  less  than 
-50  dBm  at  10  dBm  LO-power. 


3 » ELECTRICAL  PERFORMANCE 


Fig-  4 gives  a look  at  the  front  end  without  I F-amp 1 i f i or • At  the  right  the  circu- 
lator with  the  sliding  load  can  be  seen. 

The  balanced  mixer  is  situated  on  left  hand  side  and  the  LO  connected  with  the 
Folded  Tee  is  placed  in  the  middle. 

The  electrical  data  of  the  selfbiased  mixer  are: 


HF  - VSWH  (10-01  GHz): 

1.45:1 

IF  - VSWli  (0.1-1  GHz ) : 

1.50:1 

Conversion  Loss  (5*1-01  Gllz): 

6.5  dn 

Broadband  DSB-No i sc  - Figure : 

4 dB 

The  performance  of  the  total  front  end  presented  in  this  paper  is: 
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Un  nouveau  oomposant  pour  lea  syatdmoa  mi  11 iradtriquos  : 

If  translator  <\  efffft  do  chump 
J-L.  TBSZNBR 

Hiroction  don  Hecherohefi , Etudes  ot.  Techniques  - PRANCE 

l.-  Introduction*- 

Lo  ddvel opporaont  dee  syst braes  opdrant  dans  les  giumnos  do  frdquonco  mi  11  iradtriquos  a 
oonnu  des  huuta  ot  dot*  bas  pendant  les  deux  dornidroa  ddoennios.  Aprbs  l'eapoir  du  ddvel opporaont 
des  applications  do  typo  tdl ^communications  oiviloa  aujourd'hui  disparu  uvoc  1 'uvbnomont  doo 
fibres  optlquea,  il  sorablo  qu  'aujourd  'hui  les  applications  miliMiros  ooiont  clairomont  ddfinies 
ot  reprdeentent  un  tntdrdt  sufflsant  pour  motiver  lo  ddvel oppomont  do  systems  a militaires  au 
dessuo  do  55  GHz,  94  GHz  ot  140  GHz  on  partlculier  voire  220  GHz  (l).  Pans  un  tel  contexts,  la 
ndcessi td  do  compoaanta  fonctionnant  on  mi llimdtriquo  apparutt  dvi dents.  Or  il  so  trouvo  quo, 

Jusqu'j\  present,  soules  dos  diodes  sont  capables  d'etre  utiliadea  dans  ootto  gamine  do  frequences 
pour  rduliaer  des  sources  ou  des  am  pi  i f ioutoura.  Los  ddsuvant ages  i nt  r i nsbquos  dos  diodes  vie-b- 
vis  dos  transistors  dtant  bien  connua,  il  sorablo  done  important  do  considdrer  si  les  transistors 
A offot  do  champ  (TEC)  no  pourront  pas  dans  un  avenir  proche  dtro  utilisd  A lour  tour  au  dossus 
do  55  GHz  ot  co  d'uutant  plus  quo  1 'on  assists  aujourd 'hui  h un  ddveloppement  extraordinaire  des 
TEC  on  bando  I ot  J.  L'objot  du  prdsont  article  ost  do  discuter  d'une  tolls  postil  bill  td  on 
oonsiddrant  \ partir  dos  limitos  actuelles  des  TEC  les  mdthodoe  qu ' i 1 faudru  utiliser  tant  au 
niveau  do  la  technologic  qu'uu  niveau  du  matdriuu  pour  rdulinor  un  tel  object! f, 

il.-  Etat  do  l 'art  dos  TEC  As  Gn.- 

Considdrone  tout  d'abord  les  rdoultats  actuels  des  TEC.  L'oxumon  des  performances 
obtonues  on  lnborntoire  des  TEC  faible  bruit  (Fig.  1)  ambus  les  common ta ires  suivants  : 

- lee  TEC  faible  bruit  no  fonotionnont  pas  encore  au  dossus  do  55  GHz.  Los  rdoultats 
les  plus  performants  so  situont  18  GHz.  Encore  faut-il  mentionner  des  rdsultats 
oxtrdmomont  rdeents  do  TEC  fonctionnant  A 50  GHz  (2)  ot  A 26  GHz  (5).  Cos  premiers 
rdsultats  sorablont  otre  annonciatours  do  la  montde  on  frequence  dos  TEC. 

- los  performances  obtonues  on  bandos  I ot  ,1  lo  sont  A partir  do  mdthodes  do  rdalisation 
do  la  ooucho  active  oxtrdmomont  va rides  : dpituxio  phase  vapour  classiquo,  organo- 
mdtalllquos,  implantation  ionique.  Jots  moldculairos  ot  mflmo  dpitaxle  phase  liquido. 

Il  somblo  done  ndeesoaire  do  disposer  d'un  arsenal  Important  au  niveau  fcechnol ogi quo 
pour  pouvoir  domouror  dans  la  course. 

- lo  matdriuu  util  lad  ost  essontiel  1 omont  l'Arsoniuro  do  Gallium.  Copondant  quolquos 
rdsultats  commoncont.  .'i  sortir  on  Phosphure  d' Indium,  rdsultats  mulgrd  tout  modostos, 
ot  on  Ga  In  As  qui  semblont  pour  lo  tornairo  fitre  particul ibromont  romarquables. 

Si  1 'on  considers  main tenant  los  rdsultats  dos  TEC  commercialisms  (Fig.  2)  on  constate 
st  l 'on  regards  los  indications  des  catalogues  un  deart  important.  Cet  deart  ost  on  fait  plus 
considerable  qu ' 1 1 n'y  para  it  au  premier  abord  ainsi  quo  1 'a  soulignd  lo  roprdsentant  do  Farlnon 
la  Confdrence  BMC  1978.  La  courbo  donnde  par  lo  l>r  Chang  indiquo  un  ddcalago  encore  plus  raarqud 
qui  tdraoigno  do  la  diffioultd  d ' Indus trial i sat i on  do  tele  composants.  Cette  romarquo  ost  d'autnnt 
plus  valablo  quo  lo  TEC  ost  plus  oomplexe  \ rdaliser.  Ainsi  pour  los  TEC  A longueur  do  grille 
0,5/u  soul  lo  NEC  588  ost  arrivd  sur  lo  marchd  il  y a quolquo  temps  dd J:\  (vers  1975).  Co  n'est 
qu 'on  1 978  quo  d'autros  ontnpugtiios  sont  ou  mosure  do  lo  ci'mmorcinlinor,  Cette  lan  to  maturation  do 
corapooants  technologiquomont.  complexes  ost  une  dos  olds  du  probldrao  poed. 

Ci.nsiddrono  enfin  Ion  performances  des  TF.C  do  puissance  (Fig.  5).  I.'doart  outre  Ion 
rdsultatn  commoroiaux  cl  les  rdoultats  do  laboratoiro  ost  encore  plus  net.  Cola  n'est  gudre 
surp ronant  si  I 'on  songe  h 1 'extremo  comploxitd  du  composant.  Los  rdsultats  obtenus  par  RCA  au 
dossus  do  20  GHz  no  dot  vent  pas  induiro  on  orrour.  L'dldment  raotour  do  la  montde  on  frequence  des 
TEC  sera  lo  transistor  faible  bruit.  Handicapd  par  dos  probldroos  d ' interconnexions  ot  d'adaptation 
d * impddance , lo  TEC  do  puissan  suivra  lo  ddvoloppomont.  du  TEC  faible  bruit  avec.  un  ddcalago  on 
frdquence  maximum  do  fonc t ionnoaient  qui  no  pourra  quo  s'aocentuer.  L' analyse  du  problbme  poed  sera 
done  connacrdo  au  TEC  faible  bruit  fonctionnant  on  ampl l f ioateur,  los  rdoultats  ot  possibilities  on 
•scillateur  dtant  bridvoment  oommontdos  A la  fin. 

III.-  Lo n limitations  actuelles  du  TEC  faible  bruit.- 

St  1 'on  so  rdfdro  aux  articles  do  base  do  Pucel  (4)  ot  de  Lieehti  (5),  lo  schdma  du 
no  .•  t l*  rigino  physique  des  diffdrents  dldmonte  qui  le  constituent  ost  donndo  par  la  figuro  4. 

n»ul*’  Idfinissant  los  irdquences  maximalos  d 'osc illations  fu  et  ft  frdquence  de  transition 
*r*.llo  ! o gain  on  oourant  devient  dgal  l 'unltd  sont  los  sulvunt.es  : 

f frequence  maximum  d 'oscillation 

V-,  ♦ rt£5 

j ••  | ur  laquollo  lo  gain  on  oourant.  ost  dgal  A 1 
rt  

■’TT 

■fl  - *lan.e  on t rdo/eort l o 

r * ^ ** i ^ 


•'J  ^ conetante  de  temps  dgale  «\  2 ^g^dg* 

Ces  frequences  aont  ddfinies  en  fonction  dea  dldments  du  circuit  du  TEC.  On  peut  voir  que  la 
montde  en  frequence  pour  lea  TEC  fonctionnant  en  oacillateur  eat  identique  h celle  dea  TEC 
fonctionnant  en  arapl i f icateur  . II  suffit  d'introduire  une  reaction  entre  la  sortie  et  1 'entree 
du  TEC  de  man id re  h order  un  circuit  oacillant. 

L' augmentation  de  la  frequence  d ' obc illat ion  passe  par  1 'augmentati on  de  la  frequence 
f^  maia  aussi  par  la  diminution  de  r^  et  o La  diminution  de  r-j  et  £5  irapliquent  h leur  tour 
une  diminution  de  Rg,  Rs  et  Cdg  done  dea  elements  paraaites  du  TEC.  Conaiderona  tout  d'abord 
1 'optimisation  de  f^  s elle  passe  par  1 'augmentation  de  la  tranaconduc tance  gm  et  par  la  diminution 
de  Cgs.  L 'element  cri  ti  que  eat  dans  ce  caa  la  longueur  de  grille.  Pour  dea  longueurs  de  grille  de 
0.5/un>ou  supdrieures,  la  diminution  de  L augments  correlati veraent  gra  tout  en  diminuant  Cgs.  Tour 
dea  longueurs  de  grille  inferieures  0.5/um,  la  diminution  de  L entratnerait  une  variation  de  f^ 
en  1/2.  Cea  rlsultats  indiques  par  Hover  et  Bechtel  en  1975  (6)  sont  aujourd'hui  infirmea  par  lea 
theories  actuelles  developpees  sur  lea  grilles  courtes  comme  on  le  verra  par  la  suite.  La  lirnite 
A la  reduction  de  grille  eat  atteinte  loraque  L 'v  D epaisseur  du  canal.  A ce  moment  le  pincement 
du  canal  ne  peut  plus  se  faire  dans  de  bonnes  conditions  et  gra  se  degrade  rapidement  comme 
l'indiquent  lea  premiers  resultats  de  Pleaaey  sur  les  TEC  0.2  /um.  II  faut  done  require  corrolati- 
vement  l'epaisseur  du  canal  ce  qui  implique  des  epaisaeuro  de  couche  active  de  0.1  /um  h transition 
abrupte  vers  le  substrat  et  par  consequent  la  mattrise  de  l'epitaxie.  Ceci  n'est  pas  simple  en 
As  Ga,  l'entreprise  devient  autrement  perilleuae  pour  de  nouveaux  materiaux.  Cependant  si  l'on 
rdduit  l'epaisseur  il  faut  augmenter  le  dopage  pour  mainteni r une  densite  de  courant  dlevde  et 
une  valeur  de  gm  suffisante.  On  eat  limite  k ce  moment  1;\  par  le  phenomena  d 'avalanche.  II  semble 
que  2.1017  soit  une  valeur  raisonnable  qu'il  ne  soit  gudre  possible  de  depasser. 

En  resume,  il  semble  qu'un  transistor  As  Ga  presentant  une  longueur  de  grille  de  0.2/\m 
une  epaisseur  de  couche  active  de  0.1/um  et  un  dopage  de  2.1017  puiase  presenter  une  amelioration 
certaine  en  frequence  et  par  consequent  fonctionner  en  mi  1 1 imetri que . 

Encore  faut-il  que  lea  resistances,  capacites  et  seifs  parasites  soient  reduites 
d'autant  ce  qui  n'est  certainement  pas  chose  facile.  Conaiderona  trois  examples  de  ces  parasites. 

- la  resistance  R3  resistance  d'acc&s  qui  englobe  la  resistance  de  contact  du  contact 
source.  Lorsqu'on  reduit  l'epaisseur  du  canal  cette  resi.  tance  va  natural  lenient, 
augmenter.  Deux  possiMlites  s'offrent  alors  : soit  trouver  une  structure 
technologi que  plus  complexe  permettant  de  pallier  cet  inconvenient.,  soit-  trouver  de 
nouveaux  materiaux  permettant  d 'avoir  une  mobilite  d bas  champ  + dlevde  (.\  noter 
ddja  que  l'As  Ga  est  superieur  au  Silicium  et...  au  Phosphure  d' Indium  sur  ce  point) 

- la  capacite  de  grille  fait  en  fait  intervenir  non  seulement  la  capacite  de  ia  couche 
desertee  sous  la  grille  maia  auasi  la  capacite  du  contact  de  grille  qu'il  est 
necessaire  de  realiser  pour  pouvoir  raettre  un  fil.  Cooke  a montre  de  manidre 
detaillde  (7)  les  consequences  de  cette  capacite  de  contact  (Figure  *>).  Pour  que 
cette  capacite  dont  la  surface  est  nettement  superieurc  a celle  de  la  grille 
(facteur  70)  puiase  etre  miniraisee  il  faut  natural  lenient  que  la  couche  sous  le 
contact  aoit  extreraement  resistive  d'oCi  la  ndcesaitd  de  mattr.iser  la  realisation  de 
couches  tampons  trds  faiblement  dopdes  ce  qui  pose  certainement  un  probldme 
difficile  A rdsoudre  aujourd'hui  si  l'on  consid&re  de  nouveaux  materiaux  pour  la 
couche  active.  Cette  capacite  de  contact  jouera  un  rdle  de  plus  en  plus  important 
quand  on  rdduira  la  surface  intrinsdque  de  la  grille.  De  plus  on  liaison  aveo  le 

fil  de  contact  qui  constitue  uneself  elle  constitue  un  filtre  passe  bas  extremement 
efficace  (Figure  6).  Autant  dire  que  si  l'on  veut.  monter  en  frequence,  il  faudra 
diminuer  au  maximum  le  role  de  ces  capacite  et  self  parasites. 

- 5dme  exomple  : la  resistance  de  grille  : la  diminution  de  la  longueur  de  grille  d’un 

facteur  2 entratne  1 'augmentation  de  cette  resistance  d'un  facteur  2.  Pour  consorver 
des  valeurs  acceptables  Rg  il  faut  done  dpaissir  le  contact.  L'entreprise  devient 
alors  critique  puisqu'il  s'agit.  non  seulement  de  realiser  des  traits  de  0.2/um 
construits  ;)  10%  our  des  largeurs  de  r)0  il  100  /uni  muis  auasi  presentant  un  rapport 

dpa i sseur/largeur  >>  1 . Realiser  un  TEC  presentant  cette  complexity  technologique 
implique  1 'ut.ili  sat  ion  de  proeddds  de  "lift,  off"  associds  A la  duplication  par 
rayons  X. 

1. 'on  peut  se  demander  alors  si  devan t une  telle  compldxitd  technologique , le  risque 
d 'entreprendre  vaut  la  peine  d'etre  pris.  De  nouveaux  materiaux  ne  pourrai ent- i 1 s pas  faire 
l 'affaire  ? 1 1 me  semble  que,  dt.ant.  denude  1 'avanoe  technologique  des  TEC  0 l'Arseniure  de  Gallium 
et  dtant.  donnd  l'effet  de  synergic  actuelle  des  dtudes  sur  les  TEC  As  Ga,  de  nouveaux  matdriaux 
devront  rival  iser  aveo  les  TEC  As  Ga  les  plus  performants  et.  la  mattrise  de  la  technologic  0.2  um 
sera  un  point,  de  passage  obligd.  Avant  done  de  oonstddrer  1 'utilisation  de  nouveaux  matdriaux. 
il  semble  important  d'expliciter  le  fonc tionnement  du  TEC  0.2/um  qui  est  en  lui  memo  un  nouveau 
composant • 

IV.-  Fonc tionnement  du  TEC  0.2/uni.- 

Dans  un  tel  transistor,  les  electrons  transitant  sous  la  grille  d'une  longueur  de 
0.2/um  se  trouvent  dans  un  dtat  non  statlonnaire  et.  le  fonc  tionnement  du  TEC  risque  d'etre  modi  fid 
par  suite  de  la  survi tease  den  dlectrons.  Ce  phdnomdne  mis  en  evidence  par  Maloney  et  Frey  (0,  <*) 
est  le  nuivant  : 

- en  dtat  non  statlonnaire  les  dlectrons  sounds  ) une  brusque  variation  de  champ 
dlectrlquo,  ddpansent  la  vltesse  d'dquilibre  pendant  un  bref  instant  1 us).  Cette 
survitesse  affecte  cons i ddrablemetit  le  fonct ionnement  des  transistors  ) chnal  court  . 


Le  phdnom&ne  de  survi tesse  eat  part i culi&rement  intdressant  dans  lea  matdriaux  tela 
que  Ga  Aa  et  In  P qul  prdsentent  dee  valldes  satellites.  Pans  ce  caa  avant  que  lea 
dlectrons  ne  transitent  dans  les  valldes  eupdrieures  une  dnerg ie  sufflsante  dolt 
pouvoir  leur  etro  communiqude.  Si  l'on  considers  que  cette  dnergie  eat  d'origine 
oindtique  elle  ne  sera  acquiee  qu'en  un  temps  donnd  fonctlon  de  la  mobility  h baa 
champ.  SI  leo  porteure  transitent  suffisomment  rapi dement  sous  la  grille,  ila 
n'auront  pas  le  temps  do  transiter  vers  les  valines  satellites.  Pendant  le  temps  de 
transit  les  Electrons  demeureront  done  dans  la  valine  centrals  oil  ils  acquerront 
une  vitesse  dlevdc  dans  le  champ  dlevd  du  canal  (Figure  7)« 

Les  courbes  de  Maloney  et  Frey  donnent  la  vitesse  instantande  des  porteurs  ploughs 
dans  un  champ  dleetrique  dlevd.  On  constate  que  les  porteurs  acquidrent  sur  une  distance 
infdrieure  & 0.5 /um  des  survi teases  considerables  (Figure  8)  la  fraction  d'dlectrons  passant  dans 
la  valine  satellite  dtant  aussi  indiqude  pour  un  champ  critique  respect i vement  de  *)KV/era  pour 
Ga  As  et  1bKV/cm  pour  In  P.  On  constate  alors  que  pour  dee  grilles  courtes  de  0.2 /um  le  tempo  de 
transit  sous  la  grille  dtant  de  l'ordre  de  la  picoseconds,  les  Electrons  conservent  la  mobility  A 
has  champ  et  que  les  matdriaux  les  plus  intdressants  dans  ce  contexts  aont  les  matdriaux 
prdsentant  la  mobility  j\  bas  champ  la  plus  dlevde. 

Les  calculs  de  l'dquipe  de  l'Universitd  de  Lille  prdsentds  EMC  78  (10),  prdcisent 
1* importance  de  cette  survi tesse  pour  les  TEC  grille  courte  (Figure  9)»  Cette  oourbe  indique  la 
rdponse  des  porteurs  dans  1 'Arseniure  de  Gallium  soumis  h un  dchelon  dleetrique.  Les  courbes  V et 
E fonctlon  de  X montrent  la  repartition  en  champ  et  en  vitesse  dans  le  cas  d 'une  grille  de  1 /um 
et  d’une  grille  de  0.2yum.  On  volt  trds  nettement  1 ' importance  des  effets  non  stationnai  res  dans 
le  cas  d’une  grille  de  0.2/um.  Pour  la  grille  de  1 yum  il  n’y  a pas  de  survitesse  notable  sauf 
l'extcdmitd  de  la  grille  cotd  drain  lorsque  le  champ  dleetrique  crott  rapidement.  Par  contre  pour 
la  structure  0.2yum  les  effets  non  stationnai res  sont  tels  que  la  vitesse  moyenne  est  doubldo 
pendant  tout  ie  Transit  sous  la  grille? 

On  constate  done  que  la  reduction  de  la  longueur  de  grille  induit  un  effet.  double 
sur  la  frequence  de  transi tlon,  d ’une  part  par  la  reduction  de  la  longueur  d’un  facteur  2,  d ’autre 
part  par  une  multiplication  de  la  vitesse  des  porteurs  par  un  facteur  2 qui  se  rdpercute 
directement  au  niveau  de  la  transconductance  (Figure  10). 

Le  rdsultat.  global  serai  t done  un  gain  d’un  facteur  4 sur  ft  si  les  dldments 
parasites  n’dtaient  pas  augments  d’une  part  et  si  la  capacity  de  grille  pouvait  tendre  vers 
zdro.  II  est  Evident  que  les  effets  de  bord  amdnent  la  valeur  de  Cgs  h tendre  vers  une  asymptote 
(11)  et  lea  variations  de  Cgs  et  gm  sent  indiqudes  sur  la  Figure  11  ainsi  que  Involution  de  F^ 
sur  la  Figure  12  (10).  Ces  rdsultats  rejoignent  ceux  de  Plessey  (12)  et.  montrent  qu’il  est  done 
vraisemblable  de  penser  qu'&  plus  ou  moins  long  terme  les  TEC  As  Ga  faible  bruit  K grille  courte 
fonctionneront  en  mi  1 1 imdtrique  avee  des  gains  apprdcinbles  ( > 5 db).  D’ici  1980  il  est  done 
raisonnable  de  penser  que  des  TEC  fonctionneront  aux  alentours  de  40  GHz  avee  des  gains  supdrieurs 
c\  6 db  et  des  facteurs  de  bruit  de  l'ordre  de  4 db. 


V.-  L *uti 1 isa t ion  de  nouveaux  matdriaux  pour  les  TEC  millimdtriques. - 

Dans  un  tel  contexts  quelles  peuvent  etro  les  chances  de  ddwl  opponent  de  nouveaux 
matdriaux  pour  les  transistors  ^ effet  de  champ  ? La  rdponse  est  clairo.  Ils  ne  pourront  se 
ddvelopper  qu 'k  deux  conditions  : 

- perraettre  do  ddpasser  largement  les  performances  obtenues  avee  l’Arseniure  de 
Gall ium 

- avoir  eu  un  ddveloppement  prdalable  suff leant  i nddpendamment  des  applications  TEC. 

Si  l'on  consider©  le  premier  point  la  compare i son  ost  tou jours  difficile  .\  fairs  et 
le  nouveau  matdriau  part-lra  avee  un  handicap  considerable,  celui  de  la  maturity  technol ogi que. 

Cet.  obstacle  risque  done  d'etre  insurmontable  s'il  n’y  a pas  eu  de  ddveloppement  prdalable  dans 
d'autres  domaines  tels  que  1 ' optodlectronique . 

Examinons  ma intenant  les  diffdrents  candidats  possibles. 

1.  Le  phosphure  d' Indium  In  P.- 

Le  phosphure  d' Indium  a dtd  considdrd  eomme  un  matdriau  intdressnnt  en  hyper frequences 
dds  le  ddbut  des  anndes  JO  par  Hilsum  et  ceci  plus  particul i Bremen t pour  lop  diodes  d transfert 
d'dlectrons.  Rappelons  <\  ce  sujet  que  Gunn  avait  mis  en  Evidence  les  oscillations  dues  au  transfert 
d 'Electrons  entre  v»llde  centrals  et  valines  satellites  dans  1 ’Arseniure  de  Gallium  et . . . le 
phosphure  d’ Indium  en  1965.  L’intdrdt.  pour  les  TEC  n'est  venu  que  plus  tard  et  les  justifications 

sembient  assez  limitdes.  Le  bilan  prdserttd  par  Kennedy  h Bruxelles  (15)  ne  permet  pas  de  conelure 

rdellemont.  en  favour  de  l'In  P pour  les  TEC  dans  le  cadre  de  la  raontde  en  frequence.  L'In  F a une  ^ 
mobility  «\  bas  champ  nettement  ulus  faible  que  Ga  As  (5  000  cra^  V“^  soe“^  contre  4 500  cm1  V-1  see 
pour  un  mflme  do page  de  10^7  cm"*)  ce  qui  le  ddsav&ntage, d 'une  part  pour  des  resistances  parasites 
d 'accds  ,d  'autre  part  dans  le  cas  des  TEC  grille  courte.  En  effet  dans  le  cadre  des  phdnomdnes  de 
survitesse  le  raisonnement  simple  prdeddemmont  indiqud  raontre  que  1 ’arseniure  de  Gallium  est  un 
matdrlau  plus  intdressant  que  le  phosphure  d 'Indium,  ce  results!  etant  confirm^  par  les  calculs 
de  Hill,  Robson  et  Majerfeld  (14)  non t rant  qu'en  desnous  de  0.4/u  de  grille  Ga  As  devient 
preferable.  De  toute  faqon,  il  semble  blen  que  les  resultnts  en  In  P ne  puis sent  etre  que 

marginal ement.  supdrieurs  \ ceux  obtenus  en  Ga  As  supposer  qu'ils  le  sclent  rdellement  un  jour  ’ 

Car  les  considerations  technologiquos  apportent  encore  des  arguments  en  dd favour  de  l’In  P. 

* Ce  resultat  est  valable  en  toute  rigueur  pour  une  tension  de  grille  nulle.  A tension  de  grille 
non  nulle  iL  sera  udeessatre  d 'homogdndlser  le  .champ,  dleetrique  sous  la  grille  par  une  modi  f icat  l on 
soi t du  profit  de  dopage  so  it  de  la  structure  de  grille. 
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Bn  effet  la  realisation  d'une  grille  Sohottky  sur  In  F eat  un  probl&me  extrdmement  difficile  etant 
donn^e  la  barriAre  do  potential  extrememont  faible  (0.5  eV  contra  0.8  eV  pour  C.a  Aa).  Lea  solutions 
da  recha ngo  propos^es  rdcemment  (lb)  compliquent  immanquablement  la  realisation  techno  log-i  que  at  par 
consequent  limitent  aes  chances  da  ddboucher  indue tri ellement . 

Lea  resultata  A ce  Jour  aont  relativement  peu  nombreux.  Mia  A part  lea  rysultats 
d'Hewlott  Packard  en  197b  presentds  par  Barrera  et  Archer  (l‘J5,  aeuls  A raa  connaiasance  ont  ete 
publics  lea  r<5sultats  de  Pleaaey  par  K Gray  A Bruxelles  (16)  et  les  r^sultats  de  Varian  A la 
conference  aur  Ga  Aa  et  lea  composes  III  V de  Saint  Louis  (1?)«  Lea  r<$sultato  de  Hewlett  Packard 
dtaient  mddiocrea  mala  on  pouvait  A cette  6poque  incriminer  la  mediocre  quality  du  substrat  qui 
4tait  inauf f i aammont  iaolant.  Les  rdaultato  de  Pleaaey  et  de  Varian  en  1978  aont  plus  encourageante 
mala  insuffiaanta  pour  provoquer  in  rdel  int.drgt.  A 8 GHz  pour  une  grille  de  1.3/u  lea  r^aultats 
de  Pleasey  sont  les  auivanta  : 


In  P aans  couche  tampon 


Ga  Aa  avec  couche  tampon 


Paoteur  de  bruit 


5.5  db 


Gain  as socle 


10  db 


5.5  - b db 
8.*)  - 9 db 


Quant  aux  rdaultats  de  Varian  indiquds  aur  la  figure  1 ilo  se  j lacent  A un  niveau  nettement 
infdrieur  aux  performances  actuellea  des  TEC  Ga  Aa  A la  memo  figure. 

II  aemble  done  aujourd'hui  que  l'intdret  majeur  des  Etudes  aur  lea  TEC  In  P a 6td 
1 'obtention  de  roateri.au  semi-isolant  de  bonne  quality  qui  manquait  il  y a quelques  anne^ea.  Or  ce 
mai lion,  le  substrat  In  P semi -iaolant , dtait  un  point  de  passage  oblige  vers  1 'utilisation  vies 
ternaires  et  quaternaires  III  V,  raaillon  qui  n'dtait  pas  pris  en  compte  dans  le  cadre  du 
ddve  1 opperaent.  des  diodes  dlectroluminescentes  et  des  diodes  lasers  III  V... 

2.  Les  composes  III  V ternaires  et  qua ternaires . - 

Lea  etudes  et  recherches  sur  cea  materiaux  en  vue  d 'applications  hyperfr^quences 
ont  did  rdeemment  stimuiees  par  la  publication  Littlejohn  et  al  (18).  Les  rosultats  thdoriques 
prdsent4s,  en  particulier  lea  oourbes  o"“  (E),  montrent  lea  avantages  relatifs  des  ternaires  et 
quaternaires  par  rapport  A Ga  Aa  et  In  P (Fig.  15).  Cos  oourbes  montrent  l'int<5r$t  du  ternaire 
Ga  q c In  q c Aa  et  du  quaternaire  Ga  0,3-7  In  0,75  P 0.4  As  0 ^ par  rapport.  A Ga  As  et  In  F. 

Le  tableau  suivant,  extrait  du  m$me  article,  resume  les  carac teristiques  des  quatre  matdriaux 
d^duites  par  Littlejohn  et  al  de  calculs  de  Monte  Carlo  : 


Ga  As 

j In  P 
| 

Ga0 

5?n0.sAi' 

Ga0.27Ino.75po.4At,0. 

/u_  cm*'  V-'  sec-'  .5  100  V/om 

1 

ddaordomu' 

j ordonn^ 

desordoniid 

erdennd 

4800 

| 5100 

7900 

9700 

7000 

7800 

__  1 

Vukix  cm  sec 
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Oes  r^sultats  thdoriqueo  indiqueraient  done  que  Grq  c In^  s As  et  Ga^  ^y  ^n0.7^  ^0  \ 
seraient  des  matdriaux  permettant.  des  performances  nettement  supdrieufos  dans  le  cas  des 
transistors  A effet  de  champ  A grille  courte  et  quo  par  consequent  den  TEC  utilisant  de  tels 
materiaux  fonctionneralent  au  dela  de  b0  GHz  Jusqu'A  des  frequences  proches  de  100  GHz  ! 

Jusqu'A  present  les  rdsultats  obtenus  sur  les  ternaires  et  les  quaternaires 
ooncernent,  naturellement , davantags  le  matdriau  en  lui-mAme  que  les  TEC  rdalisds  A partir  de  ce 
matdriau.  Si  l'on  considers  tout  d'abord  le  mat.driau  ternaire,  les  recherches  ont  porte  sur  le 
matdriau  Ga^  e Ing  c An  main  aussi  sur  le  matdriau  Ga0#g  In0,£  As.  Dans  le  premier  cas  ce  matdriau 

s'adapte  directement  au  rdseau  cristallin  du  phosphure  d' Indium  et  par  consequent  l'ln  P est  un 

excellent  substrat  pour  rdaliser  A partir  de  ce  substrat  une  dpitaxie  du  matdriau  ternaire,  Les 
rdsultats  de  Takeda  et  al  (19)  publics  au  debut  de  cette  annde  sont  encourageants.  Les  couches 
actives  sont  rdalisdes  directement  sur  un  substrat  In  P dope  Chrome  (p>  10^/\cml  orientd  (11l5« 
par  dpitaxle  en  phase  liquids.  La  concent  ra  t i on  de  porteurs  dans  la  couche  active  est  de  2,*.10'* 
pour  une  mobility  de  8 240  cm‘  V"^  seo"^ . l^  faut  noter  cependant  que  la  quantity  de  dislocations 
est  Importante  dans  la  couche  active  10^  om“‘  dans  le  meilleur  des  casl.  Cette  quantity  de 

dislocations  refiete  en  fait  la  quality  du  substrat  qui  apparatt  done  etre  un  substrat  de  quality 

mediocre  tank  par  le  niveau  de  dislocations  que  p».r  sa  faible  resistivity,  il  semble  de  touts 

f ftt;on  necessairo  de  rdaliser  une  couche  tampon  non  intent  lonnsl  lement.  dopee  entre  le  substrat  et 
la  couche  active.  La  complexity  d'une  telle  etude  n'echappera  A personne  si  l'on  se  rappelle 
l'ampleur  des  efforts  consacres  A la  mattrise  d la  couche  tampon  de  Ga  As  sur  un  substrat  semi- 
isolant  Ga  As  ! 11  faut  mentionner  enfin  que  dans  un  article  trAs  recent  (20V  Varian  consacre 
des  resul  tats  remarquables  sur  ce  type  de  materiau  : pour  un  dopage  10^7  cm"'  une  mobility  de 
8 000  cm*-’  V"'  sec"  male  no  donne  gufcre  de  details  sur  le  mode  de  realisation. 

Les  recherches  sur  Ga0  ^ I»\q  ^ ont  essent  i el  lement  fatten  Jusqu'A  present  par 

Varian  avec  le  noutlen  de  1 'Office  or  Naval  Hosearch  en  particulier.  La  methods  de  croisnance 
dycrite  par  Hyder  (21 ) en  197b  est  une  methods  de  croisnance  en  phase  vapeur  Men  adaptee  A la 


realisation  de  couches  tampons  permettant  une  adaptation  oris tall ographi que  graduelle  entro  le 
substrat  Ga  As  oemt-isolant  et  la  couche  active  de  Ga.-^  g ^n0,2  Afl#  couc^e  tampon  est  re n due 
laolante  par  1 ' introduction  dans  le  rEacteur  de  Cr  0%  612  qui  permet  d'obtenir  ainsi  des 
rGsi at i vi tEs  de  l'ordre  de  2. ICr  .O.  cm.  Les  couches  d'adaptation  ont  typiquoment  une  Epaisseur  de 
3 /u  et  la  mobility  des  couches  actives  ainsi  rEalisEes  est  supErieure  h *j  000  cm2  V-1  sec”'  pour 
un  dopage  de  lO^em”^.  Les  rEsultats  obtenus  en  1977  pur  Varian  (22)  mettent  en  Evidence  la 


degradation  de  la  valeur  de  la  vitesse  de  saturation  ;\  mesure  que  l'on  se  rapproche  de  1' interface 
cr i stallographique , degradation  plus  rapide  que  pour  1 ‘arseniure  de  gallium.  Ce  rdsultat  indique 
done  clairement  que  la  quality  de  1' interface  couche  active  - couche  tampon  n'est  pas  encore 
satisfaisant  et  qu'il  conviendrait  probablement  de  diffErencier  1' interface  Electrique  de 
l' interface  eri stallographique . Ceci  Etant,  les  rEsultats  actuals  sont  d'ores  et  dEjA  trEs 
encourageants  en  band©  1.  Les  valeurs  donnEes  par  M.  Yoder  (23)  & Bruxelles  montrent.  que  Varian 


a rEalisE  des  TEC  GaQ  q In^  1 As  de  longueur  de  grille  0.8 /u  avec  un  facteur  de  bruit  de  2.3  db 
et  un  gain  aasociE  de  i 5 db  a 8 GHz  sous  polarisation  de  grille  nulle  ce  qui  indique  que  de 
nombreux  Etats  d' interface  se  trouvent  entre  la  couche  tampon  et  la  oouche  active  et  que  la 
mobility  sous  la  grille  est  nettement  plus  ElevEe  que  prEs  de  la  couche  tampon*  A titre  de 
comparaison  un  TEC  As  Ga  ayant  la  mErae  definition  donnerait  4 db  de  facteur  de  bruit  & 8 GHz  sous 
polarisation  nulle. 


Si  l'on  considers  enfin  les  rEsultats  sur  Ga  q.27  In^  7 , Pq  . Asq  on  ne  dispose 
pour  confirmer  ou  infirmer  les  rEsultats  thEoriques  de  Littlejohn  qui  des  resultats  publics 
rEcemment  par  Varian  (20).  Les  couches  ont  EtE  rEalisEes  en  Epitaxie  phase  liquids  (t\  noter  qu’il 
s'agit  1&  d'un  transfert  direct  de  connaisoances  provenant  dee  reoherches  en  optoElec troni que  et 
notamment  en  photocathodes . . . ) . Les  couches  ont  EtE  rEalisEes  sur  substrat  In  P semi-isolant 
orient^  (100)  dopE  Chrome  ou  dopE  Per.  Les  couches  tampons  prEsentent  une  concentration  de  porteurs 
de  2.10^  cm”^  ce  qui  aemble  excessif  et  la  mobility  dans  la  couche  active  n'est  que  de  7 450  cm^ 
V-1  sec”1  & 77 ®K  pour  le  matter iau  quaternaire  prEsentant  une  largeur  de  bande  interdite  de  0, 9eV. 
Les  rEsultats  sur  un  transistor  de  longueur  de  grille  5 /u  indiquent  un  gain  maximum  de  5 db  h 
10  GHz  pour  un  matEriau  ayant  une  largeur  de  bande  interdite  de  1»2eV.  Ces  resultats  au  niveau 
des  TEC  ne  peuvent  Etre  considErEs  eomme  signifioati fs.  II  n'en  demeure  pas  moins  que  les  caractE- 
ristiques  du  matEriau  obtenu  sont  loin  d'etre  cel  les  dEduites  par  Littlejohn  de  son  rnodMe.  II 
est  probable  que  le  matEriuu  rEalisE  aujourd'hui  est  loin  d'etre  optimist  mai3  il  semble  aussi 
que  le  module  prEsentE  par  Littlejohn  et  al  ait  besoin  de  sErieuses  retouches  en  particulier  sur 
le  problEme  de  la  diffusion  induite  par  la  structure  dEsordonnEe  du  matEriau. 


II  semble  done  aujourd'hui  que  les  resultats  les  plus  encourageants  soient  ceux 
obtenus  sur  le  ternaire  GaQ#^y  ^n0.55  As  sur  substrat.  semi-isolant  In  P.  Malheureusement  ce 
matEriau  prEsente  comme  In  P une  barriers  de  Schottky  trop  faible  ('v0.3eV)  et  par  consequent  les 
courants  de  fuite  au  niveau  de  la  grille  risquent  d’etre  iraportants.  L ' Evolution  de  la  barribre 
de  surface  en  fonction  de  la  teneur  en  indium  du  matEriau  Ga^_x  In  As  a EtE  doimEe  dEs  197  3 par 
Kajiyoma  et  al  (24).  On  voit  done  que  par  contrast©  avec  Ga^  ^ Ino.2  Ab  pour  lequel  le  potentiel 
de  surface  demeure  acceptable,  la  valeur  obtenue  pour  Gsq # ^7  In^  r ^ As  est  inacceptable  pour  un 
fonc t ionnement  correct  des  TEC.  II  en  serait  de  memo  pour  Ga^, 27  lno  75  Ai'0.6  ^0.4  Pour  loquel  ^s 
serai  t Egal  h 0.4eV.  Une  grille  de  type  Schottky  est  done  proscrire.  Heureusement  d'autres 
solutions  existent  potentiellement  qui  tirent  parti  de  la  souplesse  introduite  par  1 'existence 
d'un  ou  deux  paramEtres  complEmentaires  savoir  composition  relative  Ga/In  et  Eventuellement 
P/As.  De  telles  solutions  conduiront  imraanquablement.  compliquer  la  structure  done  a accrottre 

les  difficultEs  technologiques  de  realisation  de  TEC  partir  de  matEriaux  111  V ternaires  et 

quaternaires . 


VI.-  Considerations  sur  les  TEC  de  puissance  et  les  TEC  months  en  oscillateur. 


Ainsi  que  je  1 'ai  mentioning  dans  1 * introduction  le  dEveloppement  des  TEC  de 
puissance  fonctionnant  en  mill iraEtrique  se  fera  plus  di f ficilement  par  suite  des  problEmea  posEs 
par  les  interconnexions  et  les  adaptations  d’ impedance.  L ’ interconnexion  au  niveau  des  TEC  do 
puissance  pose  des  problEmes  de  topologie  part icul iErement  complex©  puisqu'il  s'agit  d'associer 
en  parallels  un  grand  nombre  de  TEC  El Amenta i res  afin  d'obtenir  le  dEveloppement  de  grille 
maximum  tout  en  maintenant  un  niveau  acceptable  de  resistances,  capaoitEs  et  seifs  parasites. 

La  tendance  actuelle  est  de  tirer  parti  des  trois  dimensions  au  lieu  de  se  limiter  un  espaee 
plan  pour  prendre  les  contacts  sur  les  trois  Electrodes.  Le  contact  de  source  est  pris  soit 
travers  des  piliers  qui  permettent  de  rel  ier  la  source  au  dissipateur  therm i quo  (25-26 ) soit  par 
une  structure  flip-chip  utilisEe  par  HCA  et  MSC.  Quant  au  problEme  d'adaptation  d'impEdance,  il 
ne  pourra  etre  rEoolu  que  par  1 'amEliorat ion  du  facteur  de  mErite  savoir  1 'augmentation  de  la 
puissance  dElivrEe  par  millimEtre  de  grille.  Enfin  si  l'on  consider©  le  phEnomEn©  de  eurvitesse 
discutE  prEcEderament , il  risque  fort  de  ne  pas  se  produire  ou  tout  au  moins  d'etre  fortement 
diminuE.  En  effet  par  suite  de  1' importance  des  tensions  appliquEes  au  bornes,  le  champ  Electrique 
sous  la  grille  sera  plus  ElevE  et  par  consEquent  si  l'on  se  rE f E re  aux  courbes  de  Maloney  et  Frey 
(Fig.  8)  1 'effet  de  survitesse  sera  plus  faible,  les  Electrons  transitant  plus  rapidement  vers  les 
vallEes  satellites.  De  plus  lorsque  Vr»^  est  ElevE,  1 'extension  latErale  de  la  zone  de  dEsertion 
sous  la  grille  se  dEplace  vers  le  drain  et  control©  le  temps  de  transit  des  Electrons.  En  effet  par 
suite  de  1' Importance  du  champ  attaint,  la  vitesse  de  saturation  est  atteinto  et  le  phEnomEne  de 
survitesse  nEgligeable  (27).  En  conclusion  1 'ensemble  de  ces  donnEe©  fait  que  la  montEe  en  frEquence 
des  transistors  de  puissance  se  fera  beauooup  plus  lentement  que  dans  le  eas  des  transistors  faible 
bruit  et  que,  par  consEquent,  il  est  difficile  aujourd'hui  de  prEvoir  E quelle  date  il  sera 
possible  de  disposer  d'un  transistor  dElivrant  une  puissance  de  l'ordre  du  Watt.  A SO  GHz, 


ConsidErons  enfin  lo  TEC  montE  en  oscillateur.  81  l'on  consider©  la  frEquence 
maximum  d 'oscillation  telle  que  dEfinie  dans  la  premiEr©  part. le  1 
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on  peut  dire  que  la  montde  en  frequence  d'un  TEC  fonctionnant  en  amplificateur  va  de  pair, 
intrinsdquement , avec  la  montde  en  frequence  d'un  TEC  fonctionnant  en  oscillateur.  II  suffit  de 
placer  un  TEC  dans  un  circuit  prdsentant  une  reaction  de  la  sortie  aur  1 'entree  afin  d'obtenir 
dea  oscillations  entretenues.  Deux  configurations  sont  possibles  s 

1.  grille  Electrode  commune  : une  inductance  placde  entre  la  grille  et  la  masse 

permet  alora  de  crder  la  reaction  d^sir^e. 

L'ajustement  de  la  longueur  de  fil  de  grille  permet 

de  r^gler  la  frequence. 

2.  source  Electrode  commune  : la  capacity  entre  la  grille  et  la  source  est  alora 

l'dldment  de  reaction* 

L 'augmentat ion  du  ddveloppement  de  grille  permet  alors  d'augmenter  la  puissance  de 
sortie  et  la  diminution  de  la  longueur  de  grille  permet  la  montde  en  frequence,  les  limitations 
ddcrites  dans  le  cas  des  TEC  en  amplification  demeurant  valables. 

Si  l'on  considers  maintenant.  les  r^sultats,  ils  sont  encourageants  mais  faut-il 
encore  le  souligner,  l'dldment  moteur  dtant  le  TEC  faible  bruit  en  ampl i f icateur , les  r^sultats 
sur  le  TEC  raonty  en  oscillateur  sont  plus  r^cents  et  nettement  en  retrait.  Citons  les  rosultats 
obtenus  par  Texas  Instruments  qui  sont  particul idrement  int^ressants  (28). 
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Signalons  enfin  qvi'au  niveau  commercial  il  semble  que  MSC  aujourd'hui  prdsente  le 
TEC  le  plus  performunt  : 1 W de  puissance  d^livr^e  en  oscillation  h 12  GHz. 


VII.-  Cone lus ion. - 

Au  terme  de  cet  expo®y  sur  la  mont^e  en  frequence  des  TEC,  il  me  semble  Evident  que 
l'on  puisse  dire  sans  risque  de  se  tromper,  que  les  TEC  faible  bruit  ont  largement  la  possibility 
de  fonctionner  en  mi  11 inn* trique  d'une  part  par  la  reduction  de  la  longueur  d?  grille  et  la 
reduction  concomitants  des  resistances  et  capacites  parasites,  d’autre  part  par  1 'util isat ion  de 
nouveaux  matyriaux  III  V tornaires  et  quaternaires.  Dyjh  au  oours  de  1 'amide  1978  des  premiers 
rdsultats  en  bande  K ont  dtd  signalds  et  il  est  probable  que  l'effet  de  synergie  actuel  fera  que 
ce  ddveloppement  ira  en  s 'ampl i f iant . Dds  1980  il  est  probable  que  des  TEC  grille  courte 
fonctionnant  aux  alentours  de  50  GHz  avec  un  gain  supdrieur  ou  ygal  i\  5 db  mais  ce  n'eat  que  dans 
le  courant  de  la  prochaine  dycennie  que  l'on  verra  ryellement  apparattre  sur  le  raarcho  des  TEC  N 
base  de  matyriaux  III  V tornaires  et  quaternaires.  L ' introduction  d 'hdtdro jonctions  dans  le 
domaine  des  composants  hyperfryquences  risque  de  provoquer  terrae  un  bouleversement  total  de  la 
situation  actuelle,  les  hd tyros tructures  prysentant  un  nombre  considyrable  d'avantages  potentials 
qui  dypassent  le  cadre  des  transistors  h effet  de  champ.  Citons  en  particulier  la  possibility  de 
ryaliser  des  diodes  t\  avalanche  en  hdtdrostruc ture . L ' introduction  d'un  degry  de  liberty 
compl Amenta  ire  devrait  permettre  d'amyiiorer  considyrablement  le  rendement  et  raeme  la  puissance 
de  sortie  des  diodes.  En  effet  la  ryalisation  d 'hd tdrodpi taxies  permettrait  de  realiser  une  zone 
d' avalanche  dans  un  matdriau  h faible  largeur  de  bande  interdite  oh  le  champ  d 'avalanche  est  plus 
faible  et  de  ryaliser  la  zone  de  transit  dans  un  matdriau  ayant  une  mobility  A bas  champ  dlevde. 
Les  essals  ryalisys  aux  Etats-Unis  et  en  France  (29-50)  sur  des  structures  Ge-AsGa  se  sont 
rdvdlds  infructueux  par  suite  de  la  difficulty  d'obtention  de  couches  hot drodpi taxi ees  de  bonne 
quality  mais  1 'utilisation  de  structures  telles  que  Gao ,47  I«o  S3  As/InP  devrait  \ cet  ygard 
se  rdvdler  beaucoup  plus  fruotueuse.  Quant  aus  diodes  de  type  dunn,  les  calculs  thdoriques  de 
Littlejohn  r t al  sembleraient  indlouer  un  intdrlt  potential  des  matyriaux  III  V ternaires  et 
quaternaires.  Les  premiers  essals  (^1)  ont  Jusqu'ici  seulement  mis  en  Evidence  la  possibility 
d'obtenir  dans  cos  matyriaux  des  oscillations  do  transfort  d'yiectrons. 

I l apparatt  done  que  les  hdtdrodpi taxies  pour  les  composants  hyper frequences  sont 
promises  .\  un  ddveloppement  important.  Si  l'on  condiddre  que  cet  effort  sur  les  matyriaux  doit 
aller  de  pair  avec  un  aoorolssement  de  la  complexity  technologique  par  suite  de  la  diminution  des 
dimensions  des  composants,  l'on  pout  se  demander  si  la  prochaine  ddeennie  ne  verra  pas  une  forte 
diminution  du  nombre  de  sooidtda  actives  dans  le  domaine  car  le  coflt  des  invest isseraerts  risque 
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fort  de  ae  reveler  trop  important  pour  nombre  de  petitea  societies  qui  ont  jusqu'iei  r^uasi  avec 
aucofta  Ji  darner  le  pion  aux  plus  grande  laboratoires  industrials. 

Souhaitons  an  conclusion  qua  malgre  tout  cette  diversity  puisse  se  maintenir  car  la 
situation  aotuella  est  source  d'esprit  de  competition  at  est  done,  be 1 et  bien,  & l'origine  de 
l'essor  actual. 
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SUMMARY 


tn  this  paper  the  main  characteristic*  of  avalanche  frequency  multipliers  are  presented.  Spe- 
cial attention  1*  paid  to  the  diode  structure  for  operation  from  25  to  100  GHz.  The  design  philosophy 
of  multiplier  circuit  la  qlven.  Datanon  the  noise  behaviour  of  such  multiplier  are  also  presented. 

Then  results  obtained  from  a 7000  hours  endurance  test  are  qlven. 


INTRODUCTION 

Stable  sources  are  needed  in  almost  all  millimeter  wave  systems.  These  sources  can  use  either 
direct  conversion  devices  in  various  resonnant  structures  or  quarts  controlled  oscillators.  Table  l is 
a comparison  of  the  quart?,  oscillator  stability  far  from  stable  direct  conversion  devices.  The  important 
point  to  note  is  the  extremely  good  stability,  far  superior  to  any  of  the  direct  conversion  devices,  ex- 
hibited by  the  quartz  oscillator  even  without  temperature  control.  There  is,  however,  an  upper  limit  on 
fundamental  frequency  at  about  30  MHz,  although  crystals  can  be  operated  at  harmonics  up  to  100-150  MHz. 
Rut  frequency  multiplication  provides  a quite  useful  means  of  readily  achieving  quartz  stability.  So, 
typical  equipment  vises  a siqnal  generated  by  a quartz  osci llator , amplified  and  multiplied  up  to  the  de- 
al rev!  frequency.  SAW  oscillators  may  provide  a more  convenient  means  of  tappinq  the  quartz  stability  re- 
servoir, but  the  principle  will  remain  the  same. 

At  frequencies  below  10  GHz,  varactor  and  Step  Recovery  Diodes  are  widely  used  in  frequency 
multipliers  |1).  Unfortunately  the  harmonic-rich  switching  characteristics  of  the  SRD  is  due  to  Its  thin 
active  layer.  Consequently,  at  high  frequencies,  the  device  area  must  be  Kept  small  in  order  to  Keep  the 
capacitance  at  an  acceptable  level  and  this  limits  the  extent  to  which  the  SRD  can  be  scaled  up  in  power. 
Resides,  the  use  of  varactor  doublers  or  triplets  leads  to  complex  multistage  circuits.  In  addition,  both 
varactor  and  SRD  conversion  efficiency  drops  quickly  at  frequencies  above  10  GHz , 

On  the  other  hand,  avalanche  diode  frequency  multipliers  allow  direct  frequency  multiplica- 
tion, in  a single  harmonic  stage,  with  high  harmonic  orders  and  high  conversion  efficiency  up  to  the 
millimeter  wave  range.  This  Kind  of  multipliers  seems  to  be  quite  convenient  for  filling  the  Ka  to  E band 
gap  I 2 1 1 3 1(  4 1 . 


I - BASIC  PRINCIPLES  OF  AVALAI**HE  FREQUENCY  MULTIPLIERS 


Dynamic  operating  conditions  of  an  avalanche  diode  frequency  multiplier  can  be  best  understood 
by  the  followlnq  basic  and  phenomenological  considerations  : 

The  active  zone  of  an  avalanching  P*N  Junction  can  be  divided  into  two  parts  : an  avalanche 
zone  where  carrier  generation  by  Impact  ionization  occurs  and  a drift  zone  where  impact  ionization  is 
negligible  and  where  carriers  drift  at  their  saturated  velocity.  Figure  l. 


Within  some  assumptions  (small  transit  time  effect  and  uniform  field  distribution)  the  total 
conduction  current  in  the  avalanche  zone  can  be  described  by  the  generalized  Read’s  equation  : | I I h 1 
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where  t is  the  intrinsic  response  time  of  the  avalanche  process,  a an  average  ionization  ^efficient 
(averaged  over  electrons  and  holes),  6 the  length  of  the  avalanche  zone  and  the  saturation  current. 

If  the  saturation  current  is  neglected,  an  easy  integration  of  the  Read's  equat Ion  gives  the 
general  form  of  this  conduction  current  t 

1 « ft 

Xc||(t)  » exp  | I n $ - l I dt' 

il  is  a non  linear  function  (exponent  ial  In  most  cases)  of  the  electric  field  and  thus  of  the  voltage. 


Thi*  relation  shows  a quite  non  linear  behaviour  of  the  avalanche  zone,  even  under  sinusoidal 
voltage  operation  . Figure  2 is  an  example  of  the  conduction  current  waveform  obtained  from  a computer 
simulation,  tt  can  be  seen  that  this  current  wave  form  is  close  to  sharp  pulse.  In  addition  the  quick 
rise  of  the  current  peak,  down  to  a few  picoseconds  (*  6 ps  in  the  present  case)  allows  us  to  expect 
high  order  and  high  frequency  harmonics,  up  to  the  millimeter  wave  ramie. 


1 1-: 


A physical  explanation  of  the  avalanche  zone  behaviour  can  be  obtained  under  the  following 
assumption  : if  the  amplitude  Va  of  the  A.C.  voltage  imposed  on  the  static  voltage  V , is  low  enough 
to  limit  the  expansion  of  the  ionization  coefficient  to  its  first  order  voltage  derivative,  then  the 
conduction  current  I can  be  described  by  : 


a* 


dt 


V (t) 


This  last  relation  obviously  proves  that  the  avalanche  zone  behaves  as  a non  linear  inductor, 
as  opposed  to  the  non  linear  capacitor  effect  found  in  varactor  diodes  [ 7 1 . 


Therefore,  according  to  the  "Manley  Howe"  power  relations,  the  avalanche  zone  can  operate 
as  a parametric  amplifier,  an  harmonic  generator  or  a frequency  up  and  down  converter,  with  a conver- 
sion efficiency  at  the  desired  frequency  approaching  100  %. 

This  current  is  then  injected  into  the  drift  region  of  the  diode.  The  current  induced  in  the 
external  circuit  by  this  charge  drifting  through  the  drift  region  at  a saturated  drift  velocity  is  shown 
at  the  bottom  of  Figure  1 . It  can  be  seen  that  the  harmonic-rich  characteristics  of  the  injected  current 
have  been  degraded  by  the  transit  time  effect  ( Ramo-Schottky  theorem) . Therefore,  for  high  order  harmo- 
nic operation,  it  is  better  to  aim  for  short  transit  time  diodes,  in  order  to  approach  the  case  of  a 
sharp  current  pulse.  Besides,  to  eliminate  series  resistance,  it  is  desirable  to  have  the  P-N  junction 
bounded  by  heavily  doped  P and  N4  regions.  So  the  diode  is  generally  made  as  a P4N  N4  structure.  As 
we  want  very  short  transit  times,  the  heavily  doped  regions  (N4  and  P4)  must  be  sufficiently  close  to 
the  junction,  so  that  the  depletion  layer  extends  to  this  heavily  doped  regions  for  reverse  voltages 
much  less  than  the  breakdown  voltage.  Such  devices  are  said  to  be  "Punched-Through"  at  breakdown. 

This  means  that  in  an  avalanche  multiplication  diode,  the  depletion  layer  width  is  constant 
so  that  the  parasitic  series  resistance  is  much  smaller  than  in  varactor  diodes.  Besides  this  kind  of 
diode  is  quite  different  from  IMPATT  ones,  since  the  drift  zone  is  nearly  inexistant,  which  will  in 
addition  prevent  from  spurious  oscillations. 

Figure  3 shows  the  typical  electric  field  profile  of  a frequency  multiplication  avalanche 
diode.  This  profile  is  close  to  PIN  type. 


II  - DIODE  DESIGN 


The  previous  results  have  been  derived  from  phenomenological  considerations  and  have  of  course 
to  be  confirmed  by  a more  quantitative  analysis.  A computer  programm  has  been  developed  for  that  pur- 
pose (3]  while  extensive  experiments  were  performed. 

Figure  4 gives  both  the  theoretical  and  experimental  best  results  obtained  from  Silicon  diodes 
as  a function  of  their  PTF  in  ATT  and  multiplication  modes. The  diodes  considered  were  P4N  N+  diodes  with 
a constant  N zone  doping  concentration  ranging  from  1,5  to  2 10l*at/cmJ  in  multiplication  mode  and  from 
2 to  3 1016at/cm3  in  ATT  mode.  Frequency  decuplers  from  3,5  to  35  GHz  are  opposed  to  IMPATT  oscilla- 

tors at  the  same  output  frequency. 

It  can  be  noted  that  the  best  results  in  multiplication  mode  are  obtained  with  highly  punched 
through  diodes  (PTF  > 2) . On  the  other  hand,  such  a diode  provides  negligibly  small  output  power  in 
IMPATT  mode. 

Figure  5 shows  the  calculated  output  power  capability  versus  frequency  for  a X 10  avalanche 
frequency  multiplier. 


Silicon  and  GaAs  diodes  were  investigated.  It  can  be  seen  that  Silicon  diodes  are  more  power- 
full  than  GaAs  ones,  while  presenting  an  upper  frequency  limit  about  twice  as  high  as  that  of  GaAs  devi- 
ces . 

This  difference  is  due  to  material  parameters  : 

- Silicon  exhibit  a higher  degree  of  non  linearity  and  the  voltage  derivative  of 
the  average  ionization  coefficient  a'decreases  tor  lnwer  level  in  GaAs 

than  in  Si. 

- The  saturated  velocity  is  lower  in  GaAs  than  in  Si.  So  the  depletion  layer  width 
is  thinner  for  GaAs  diode.  Therefore  the  junction  area  must  be  smaller  in  order 
to  keep  the  output  impedance  at  an  acceptable  level.  This  results  in  a lower  out- 
put power. 

However,  GaAs  diode  can  exhibit  greater  conversion  efficiencies  than  Si  ones  at  low  input  level, 

since  the  second  order  voltage  derivative  a"  is  much  lower  in  GaAs. 

The  optimum  electrical  characteristics  of  avalanche  frequency  multiplication  diodes  are  plotted 
in  figures  6 to  8 as  a function  of  the  output  frequency  for  a multiplication  ratio  of  10.  The  output  fre- 
quency, indeed,  is  the  main  parameter  when  designing  the  diode  for  frequency  multiplication. 

The  dashed  area  indicates  the  parameters-margin  for  fluctuations  less  than  10  % in  the  optimum  perfor- 
mances. If  the  accuracy  to  be  achieved  in  the  N zone  doping  concentration  is  not  very  high,  on  the  other 


\\ 


hand,  tht  deplet ton  layer  width  must  'e  controlled  more  precisely  in  ordei  to  avoid  transit  t tm1  effects 
as  shown  in  Figure  9.  This  is  the  rav'st  important  technological  point  in  mul  t ipl  icat  ion  diode  fahtication. 
The  N N transition  must  be  very  abrupt  in  order  to  achieve  high  punch  through  factor.  Besides,  one  point 
has  to  be  cleared  : the  depletion  layer  width  is  roughly  inversely  proportional  to  the  output  frequency 
down  to  about  20  GH*.  For  output  frequencies  lower  than  20  GHf.  this  law  is  no  more  valid  and  the  N rone 
doping  concentration  must  be  kept  near  lO'^at/cm*.  Tills  is  necessary  to  prevent  from  burn  out  due  to  fi- 
lament formation. 

These  characteristics  have  been  given  for  a mul t ipl icat ion  ratio  of  about  10.  If  now. tot  a 
precised  output  f 1 equency , hlghet  harmonic  otdets  ate  wanted,  it  is  desirable  to  choose  the  lowest  value 
of  N but  the  highest  values  of  all  the  other  paiameters  (tom  Figures  S to  7.  Hus  in  order  to  avoid  t *x> 
difficult  input  matching. 


These  tesults  show  that,  if  the  multiplication  diodes  ate  quite  different  from  IMFATT  ones, 
they  are  however  nc  more  difficult  to  make,  and  in  any  case, do  not  need  a highly  soph  1st  icat ed  techno- 
logy. Typical  electric  characterist  ics  of  avalanche  diodes  used  for  fi  equency  mul  t ipl  icat  ion  ate  listed 
in  table  II  for  three  sets  of  Silicon  devices  corresponding  to  three  different  output  frequencies. 


Ill  - CIRCUIT  ORSIGN 


Maximum  power  conversion  and  efficiency  can  be  obtained  only  be  careful  circuit  design. 

For  a given  input  power,  if  maximvun  output  power  is  not  requiered,  the  circuit  design  may  be  simple  and 
visually  does  not  employ  deliberately  introduced  idler  circuits.  Figure  10  presents  the  calculated  out- 
put power  in  multiplication  by  ten  flora  1,5  to  15  GHz  as  a function  of  the  output  circuit  loading,  in 
this  simple  case  (without  idler  circuit).  Maximum  output  power  is  obtained  foi  small  loading  resistances. 
Besides  the  loading  reactance  tuning  is  somewhat  critical  and  gets  more  so  as  the  load  resistance  is 
smaller.  Maximum  conversion  efficiencies  of  about  .10  % can  be  expect  ed  in  that  case  foi  medium  output 
power  ( a 20  dBm)  and  multiplication  factors  of  about  10,  as  shown  in  Figure  11. 

However,  if  idler  circuits  are  not  introduced  they  do  exist  anyway  and  it  is  interesting  t o 
study  their  influence  on  the  multiplier  performance* . 

Computer  simulations  have  shown  that  a capacitive  tuning  on  one  of  the  idlet  frequencies  pro- 
vides a qreat  increase  in  the  conversion  efficiency.  Tills  is  illustrated  Figure  12,  foi  a X 10  frequency 
multiplier  between  1,5  and  15  GHz.  tt  can  be  noted  that  this  capacitive  tuning  is  not  critical  at  all 
and  that  no  evenness  effect  appears  when  tuning  on  the  second  or  third  harmonic  frequency.  Tuning  on 
one  of  these  first  idler  frequencies  Improves  the  conversion  efficiency  which  can  reach  values  of  about 
60  %,  while  simul taneous  tuning  on  the  second  and  third  harmonic  frequencies  Increases  the  conversion 
efficiency  up  to  90  %. 

On  the  other  hand,  inductive  tuning  on  one  of  the  idler  frequencies  has  an  unfavourable  effect 
on  the  conversion  efficiency.  In  addition,  inductive  tuning  may  develop*  a very  high  voltage  component 
across  the  diode  if  its  capacitance  is  tuned  to  resonance,  especially  at  low  idler  frequencies.  Tills 
may  result  in  diode  destruction  under  high  powt  . operation.  So  it  is  better  to  avoid  Inductive  tuning 
on  idler  frequencies. 

Hits  important  idler  efffect  was  experimentally  Invest iqated  with  a X 20  frequency  multiplier 
from  2 GHz  to  IB  GHa . The  idler  tuning  on  the  second  harmonic  frequency  was  achieved  by  means  of  a wave 
guide  cavity  very  tighly  coup led  to  a coaxial  line  at  the  end  of  which  the  diode  was  located.  Results 
are  shown  in  Figure  13  and  are  in  good  agreement  with  theoretical  ones. 

A last  effect  related  to  idler  tuning  must  be  pointed  out  : such  tunings  increase  the  ampli- 
tude of  the  instantaneous  voltage  across  the  dtotewhlch  tesults  in  an  earlier  conversion  efficiency  sa- 
turation, as  shown  Figure  20.  This  saturating  effect  can  be  used  to  provide  an  automatic  level  control 
If  constant  output  power  is  desired. 

To  sum  up,  a great  improvement  in  the  conversion  efficiency  can  be  achieved  by  capacitive 
tunlnq  on  one  of  the  first  idler  frequencies,  but  at  the  price  of  Increased  circuit  complexity  and 
earlier  output  power  saturation.  Note  however  that  this  Idlet  tuning  is  not  critical  at  all  since  it 
is  not  necessary  to  provide  circuits  resonant  at  the  idler  frequencies  as  in  varactor  multipliers. 

In  addition  this  idler  tuning  increases  the  circuit  reproduct ibi l i ty . 

A typical  multiplier  circuit  which  has  been  widely  used  through  out  this  study  up  to  90  GHz 
is  described  Figure  14.  The  diode  terminates  a matched  low  Impedance  coaxial  line  which  passes  through 
the  broad  wall  of  the  waveguide  in  its  center.  The  input  (x'wer  and  P.C.  bias  current  are  fed  by  this 
coaxial  line.  Hie  harmonic  power  generated  by  the  diode  is  transmitted  tv'  the  load  by  a coaxial  to 
waveguide  transition  matched  by  a tapered  ridge  section.  Output  tuning  is  achtved  by  varying  the  ocxix val 
line  length,  while  coupling  between  the  coaxial  line  and  the  waveguide  circuit  can  be  controlled  by  an 
adjustable  short  circuit  at  one  end  of  the  waveguide  and  an  KH  tuner  at  the  other.  Idler  tuning  can 
be  achieved  by  inserting  an  adjustable  low  pass  filter  and  transformer  structure  in  the  input  coaxial 
line. 


IV  NO  I SR  BKHAVlvXUt 


IN 


This  la  a very  important  point  concerning  avalanche  multiplier.  ln»W^,  the  noise  level  at 
the  outfit  |x>rt  of  such  a mul  tipi  ter  could  be  expected  to  be  high  if  bearing  in  mind  the  pool  nolee 
behaviout  of  l HI' ATT  device*.  So  we  have  oxper  intent  el  ly  invent  igated  the  AN  end  FN  ooUe  of  these  mul- 
tipliers. 


- F.N.  noise  measurement 

in  passing  through  the  multiplier  the  frequency  devlstlcn  of  the  primary  quarts  controlled 
oscillator  will  be  multiplied  N times,  where  N is  the  mul t ipl teat  ton  ratio.  Indeed,  like  any  frequency 
multiplier,  the  avalanche  multiplier  amplifies  F.N.  noise.  The  power  In  the  output  sidebands  at  the 
frequency  ^ i <»>  is  N*  times  the  power  In  the  Input  noise  sidebands  at  the  frequency  «»» ^ 1 u'  . Tins 
corresponds  to  an  amplification  of  b dB  per  octave  of  the  F.N.  noise. 

Hut  apart  from  this  predictable  F.N.  noise  sideband  enhancement,  there  could  be  other  mecha- 
nisms in  the  multiplier  which  could  conceivably  produce  noise,  The  problem,  then,  is  to  measure  the  noise 
degradation  over  that  of  an  ideal  multiplier. 

For  measuring  the  additive  phase  noise  contributed  by  the  multiplier  the  test  set  up  of 
Figure  If*  was  used.  This  method  needs  two  identical  mult ipl lets.  The  common  driver  for  the  two  multi- 
pliers was  a quartz  controlled  oscillator.  The  two  avalanche  frequency  multipliers  were  tuned  for  X 10 
from  ),**2  to  IS, 2 vJM*  operation,  with  a maxi  mum  output  ix'wer  of  *0  dBm  corresponding  to  a conversion 
efficiency  of  about  20  %.  The  output  of  the  balanced  phase  detector  was  applied  to  low  noise  high  gain 
video  amplifier,  ami  the  rms  output  was  read  on  a true  rtns  voltmeter.  The  noise  contributed  by  the  measu- 
ring equipment  was  determined  by  allowing  only  the  jx-*wer  in  the  local  oscillator  channel  of  the  balanced 
mixer  to  flow  ami  observing  the  reading  on  the  rms  meter  at  the  output. 

Tlie  noise  contributed  by  the  equipment  was  subtracted  from  the  total  noise  measured  during 
the  experiment.  The  net  F.N.  noise  was  more  than  10  dll  above  the  equipment  noise  for  all  measurements. 

Heading  point  by  point  through  the  video  frequency  range  of  S00  Mr  to  200  kNf  gave  a measure- 
ment of  the  additive  rms  phase  noise  as  a function  of  frequency  separation  from  the  carrier.  The  phase 
noise  was  converted  to  F.N.  noise  by  multiplying  it  by  the  measurement  frequency. 

Tire  results  of  the  measurements  are  shown  in  Figures  lt>  and  17.  It  can  be  seen  from  Figure  lb 
that  avalanche  multiplier  exhibits  a quasi  constant  additive  phase  noise  independant  of  frequency  ser- 
ration from  the  carrier.  In  addition,  this  additive  phase  noise  can  be  very  low  and  of  the  same  order 
as  that  contributed  by  Step  Recovery  Diodes. 

Figure  lb  shows  the  evolution  of  the  rms  frequency  deviation,  10  KM*  from  the  carrier  as  a 
function  of  the  input  power . At  each  point,  circuit  tuning  and  bias  current  were  ad lusted  for  maximum 
efficiency.  The  corresponding  0.0.  bias  current  curve  is  also  shown  in  Figure  17.  Under  these  condi- 
tions a change  of  l*'  dB  in  the  input  power  results  only  in  a slight  variation  of  the  rms  frequency 
deviat Ion  of  less  than  * dB.  On  the  other  hand,  for  a given  input  drive  level,  if  the  diode  is  biased 
far  fiver  the  optimum  D.C.  bias  current  value,  the  rms  F.N.  noise  Increases  sharply.  For  example,  the 
frequency  deviation  was  measured  to  be  Af  - 0,1*»  10  KMa  from  the  canter  with  V\  - 28  dBm  and 

lo  ■ ll*'  mA.  if  the  current  is  decreased  fo’ 75  mA  in  the  same  conditions,  the  measured  F.N.  noise 
is  AfjTn*  - *.  It  was  observed  that  the  minimum  FM  noise  deviation  occurred  for  the  couple  (P\,  l0) 
providing  the  maximum  conversion  efficiency,  which  is  a quite  interesting  result. 

These  results  show  that  with  a proper  circuit  and  biasing  arrangement,  an  avalanche  frequency 
multiplier  can  contribute  a very  low  additive  FN  noise. 


A.M.  noise 


A.M.  noise  measurements  were  per  formed  on  a X 10  frequency  multiplier  f r\xn  1,1  viH*  to  $ * v*Hr . 

Typical  results  are  shown  in  Figures  18  and  1^.  Figure  18  shows  that  the  output  carrier  to  noise  ratio 

Increases  near  the  carrier.  Tins  is  vine  to  a ma)or  contribution  of  the  primary  source  A.N.  noise  (dotted 

line).  Bes Ules  these  curves  pointed  out  the  fact  that  A.M.  noise  decreases  when  the  multiplier  is  get 

ting  satured,  for  a given  D.C.  bias  current.  On  the  other  hand,  Figure  W shows  the  evolution  of  the 

carrier  to  noise  ratio  versus  the  D.C.  bias  current  for  a constant  Input  power  of  1 Watt.  The  circuit 

was  tuned  fot  P,„  • l W ami  1 - 120  mA. As  for  F.N.  noise,  it  can  be  noted  that  the  minimum  A.N.  noise 

in  g 

occurs  when  the  conversion  efficiency  is  maximum.  Mere  again,  it  can  be  seen  that  A.N.  noise  Increases 
sharply  when  the  multiplier  is  operated  far  from  Its  optimum  operating  oondi t ions . 


In  conclusion  of  this  noise  study,  we  can  say  that 

- Avalanche  frequency  multiplier  contrtbutesa  very  low  additive  AN  ami  FN  noise  if 
operated  near  its  optimum  conditions  (strong  interdependence  of  the  two  I'arameters, 
input  power,  D.C.  In  as  current).  Tire  noise  behaviour  can  be  much  worst en  if  the  multi 
plier  is  tuned  into  far  from  these  opt imvrm  operating  conditions,  however,  the  most 
important  result  to  remember  is  that  avalanche  frequency  multiplier  can  exhibit  a quite 
good  noise  behaviour. 


V - RELIABILITY 


In  order  to  make  sure  that  avalanche  diode  frequency  multiplier  can  provide  a reliable  stable 
source,  we  have  achieved  a 7000  hours  endurance  test  . The  diode  has  been  operated,  throughout  the  test, 
in  a X 16  multiplier  and  the  operating  conditions  cho&en  for  this  7000  hours  test  are  detailed  in 
table  III. 


The  X 16  avalanche  multiplier  has  gone  successfully  through  this  7000  hours  test.  All  the 
per  forma.,  checks  done  during  and  after  the  test  have  not  made  it  possible  to  point  out  any  degrada- 
tion nor  fluctuation  in  any  of  the  operating  parameters.  The  good  ageing  of  this  frequency  multiplier 
is  illustrated  in  Figure  20  where  the  output  power  is  plotted  versus  the  input  one  for  various  bias 
currents,  at  the  beginning  of  the  test  and  at  the  end  of  it. 


VI  - INTEREST  OF  SUCH  DEVICES  FOR  MILLIMETER  WAVE  APPLICATIONS 


Frequency  multipliers  have  power  and  efficiency  as  their  main  parameters.  So  on  a cost  and 
efficiency  basis  they  will  tend  to  have  their  input  frequency  in  the  4-6  GHz  region  where  the  cost  per 
watt  is  not  tcohigh.  Typical  application  of  avalanche  multipliers  would  be  then  X 20  operation  to  fill 
the  E band  and  X 30  operation  to  fill  the  90-120  GHz  band.  Theoretical  calculations  have  shown  that  a 
10  % conversion  efficiency  is  obtainable  using  X 20  avalanche  frequency  multiplier  in  the  100  GHz  region 
with  output  power  of  the  order  of  100  mW. 


First  experimental  results  are  shown  in  Figure  21.  They  illustrate  the  fact  that  avalanche 
multiplier  may  constitute  an  attractive  alternative  in  the  realization  of  millimeter  stable  sources. 

But  like  any  other  millimeter  device  they  come  up  against  the  packaging  problem  which  still  limit  their 
potential  performance. 


CONCLUSION 


Avalanche  frequency  multipliers  may  be  suitable  for  a wide  range  of  milliwetric  applications 
where  frequency  stability  is  of  paramount  importance.  They  exhibit  high  power,  high  conversion  effi- 
ciency and  high  multiplication  ratio  capabilities.  In  addition  their  noise  level  can  be  of  the  same 
order  as  that  contributed  bu  Step  Recovery  Diode  multipliers.  Even  disregarding  the  stability  conside- 
rations, avalanche  multipliers  are  competitive  in  power  and  efficiency  with  direct  conversion  devices , 
mainly  Gunn  and  IMPATT  diodes.  So  they  may  be  considered  for  applications  such  as  pumps  for  parametric 
amplifiers . 

Table  IV  summarized  what  can  be  achieved  using  such  multipliers. 
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Direct  conversion  device  ( 1 in  10 
in  INVAR  cavity  i 
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Direct  conversion  device  , 1 in  10  1 15-30ppny°C 
in  high  Q cavity  [ 


Direct  conversion  device  j 1 in  10  i 50-1C0ppny°C1 
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TABLE  I Comparative  stability  of  classical  sources. 


wmm 


x 20 

■v,  35 

i 70 

FREQUENCY  RANGE 

GHt 

GH* 

GHa 

Junction  area  (cm*) 

10’4 

4 10_S 

1,5  10*5 

doping  concentration 

( cm  J ) 

101* 

2 10lfc 

4 10lb 

deoletlon  layer  width 

( mb) 

1 

0 , 6 

0,35 

breakdown  voltage 

3 2V 

22v 

19v 

bias  current  density 

(A  cm  ) 

3 10J 

6 10* 

104 

maximum  oowe r output 

lW! 

0,t> 

0 , 6 

0,  1 

multiplication  ratio 

-7  dB 

-8  dB 

-10  dB 

conversion  efficiency 

10 

10 

13 

TMU-K  II  Dsvlc#  jv»t  xcm>\ ot  s ami  par fonMn^s  of  axpat  iracnt al  Silicon  multiplication  diodes. 


1 

Inout  frequency 

•»5>»  200  000  Hi 

| Outout  frequency 

15  347  200  000  Hr 

Multiplication  ratio 

16 

Input  power 

20  dPm 

! Outout  power 

13  dBm 

Conversion  efficiency 

- 7 dP 

D.C.  bias  cut  rent 

20  mA 

D.C.  voltage 

30  V 

D.C.  power  supply 

0.6  N 

Unwanted  harmonics  re  lection 

a P‘> 

- 12  dB 

ri6 

•f2 

- 28  dB 

P16 

1 second  short  term  frequency  stability 

better  than  1 In  10,p 

TABUS  III  Operating  conditions  chosen  for  this  7000  hours  tost. 
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N : Multiplication  ratio 

PQ  : D.C.  power  supply 

n : Conversion  efficiency 

P Out du t oower 

out 

FQut : Output  frequency 

TABLE  IV  Example  of  what  can  be  achieved  using  avalanche  multipliers. 
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FIGURE  1 1 i Measured  output  power  P j,  D.C.  bias  current  I0>  and  D.C.  power  supply  in  multipli- 
cation by  11  as  a function  of  the  input  power  without  deliberately  introduced  idler 
circuit. 


FIGURE  12 t Improvement  in  the  conversion  efficiency  by  capacitive  tunlnq  on  the  first  idler  fre- 
quencies . 


Measured  influence  of  tuning  on  the  second  harmonic  frequency  for  a X 9 multiplier 

a.  idler  load  impedance 

b.  output  power  versus  idler  tuning. 
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FIGURE  20:  Evolution  of  the  output  characteristics  of  a X 16  avalanche  frequency  multiplier  af- 
ter a 7000  hours  endurance  test. 


FIGURE  21 : Typical  output  power  versus  Input  one  for  K band  frequency  multipliers. 
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ABSTRACT 

Experimental  results  are  presented  for  a wide-band  r hanically  tunable  CW  Gunn  diode 
oscillator  in  the  75  to  110  GHz  range.  A variable  i.eight  radial  mode  resonator  emersed 
in  full  height  WR-10  (0.100  x 0.050")  rectangular  waveguide  produced  a continuous  tuning 
range  of  almost  20  GHz.  Corresponding  output  power  of  +10  dBm  i 1 dB  was  obtained  when 
an  adjustable  waveguide  short,  located  approximately  5/4Ag  behind  the  diode,  was  simul- 
taneously optimized  at  each  frequency.  Maximum  power  and  frequency  variations  as  function 
of  temperature  over  the  range  -40°C  to  +50°C  were  AP/AT  < 0.133  dB/°C  and  Af/AT  <4.85 
MHz/°C  respectively  for  a typical  commercially  available  Gunn  diode  at  94  GHz.  FM  noise 
spectra  for  an  oscillator  tuned  to  94  GHz  is  in  agreement  with  recently  published  results 
(Tully,  J.  W. . , 1978):  typical  measured  noise  deviation  over  the  video  range  0 to  2 KHz 
off  the  carrier  frequency  was  less  than  30  Hz  rms,  single  sideband,  referenced  to  a 1 Hz 
bandwidth  at  1 kHz  off  carrier  and  exhibited  a l/fm  dependency  in  this  region.  The  best 
CW  results  obtained  thus  far  were  an  output  power  of  +18.3  dBm  at  94  GHz  with  1.27%  con- 
version efficiency. 

1.  INTRODUCTION 

Experimental  results  are  presented  in  this  paper  for  a wide-band  mechanically  tunable  CW 
Gunn  diode  oscillator  operating  at  W-band  (75-110  GHz)  frequencies.  Comparative  data  is 
included  for  Gunn  devices  operating  in  a similar  circuit  but  fixed  tuned  in  the  vicinity 
of  94  GHz.  Fundamental  frequency  Gunn  (and  IMPATT)  diode  oscillators  can  be  built  in 
waveguide,  coaxial,  stripline,  or  radial  mode  configurations.  As  the  operating  frequency 
increases,  physical  dimensions  of  both  devices  and  circuits  become  inconveniently  small. 
Previous  work  (Weller,  K.  P. . , 1971  and  Groves,  I.  S..,  1972)  demonstrates  that  radial 
mode  resonators  are  simple  to  design  and  have  workable  dimensions  in  the  millimeter 
region;  therefore,  this  geometry  was  selected. 

In  its  most  elementary  form,  a Gunn  (or  IMPATT)  device  is  mounted  in  the  broad  dimension 
of  either  a standard  or  reduced  height  waveguide  with  dc  bias  applied  thru  an  rf  choke 
whose  end  section  forms  the  radial  hat  resonator  (Schwartz,  G.  A..,  1974).  Although  both 
hat  diameter  and  its  height  above  the  waveguide  floor  determine  the  frequency  of  operation, 
the  operating  frequency  for  a given  hat  diameter  can  be  tuned  over  a 20%  bandwidth  by 
varying  hat  height.  Output  power  for  any  hat  diameter  and  height  is  adjustable  thru  a 
waveguide  short  located  approximately  [(2n+l) /4]  Ag  * 5%  behind  the  diode  where  n is  an 
integer.  Measured  FM  noise  spectra  close  to  the  carrier  frequency  is  dramatically  affected 
by  the  short  circuit  position:  stable,  lowest  noise  output  occurs  when  the  oscillator 
is  tuned  to  power  peak. 

Commercially  available  Gunn  diodes  in  standard  packages,  such  as  the  Alpha  296  configura- 
tion, and  designed  for  U-band  (45-55  GHz)  operation,  are  used  in  these  oscillators.  In 
the  sections  which  follow  typical  results  are  presented  for  devices  purchased  from  various 
suppliers  showing  their  output  power  versus  frequency,  power  and  frequency  versus  tempera- 
ture characteristics,  and  FM  noise  deviation  spectra  measured  over  the  video  range  0 to 
2 kHz  off  the  carrier  frequency  in  the  vicinity  of  94  GHz. 

2.  GUNN  DIODE  AND  OSCILLATOR  CIRCUIT 

2.1  Fundamental  Device  Considerations 

The  fundamental  frequency  of  Gunn  diode  oscillators  is  determined  by  both  device  and 
circuit  constraints:  (1)  the  circuit  provides  positive  resistance  equal  to  the  diode's 
negative  resistance  at  the  frequency  of  resonance,  (2)  in  the  normal  mode  of  operation, 
the  transit-time  length  of  the  Gunn  diode,  L = v/i  where  V is  average  electron  drift  vel- 
ocity and  f is  the  oscillation  frequency,  must  be  chosen  close  to  the  frequency  of  opera- 
tion. Since  the  average  electron  drift  velocity  in  GaAs  is  approximately  lxl(P  m/sec, 
device  transit-time  lengths  on  the  order  of  1 pm  are  required  for  oscillators  designed 
for  the  100  GHz  range.  Present  day  technology  limits  GaAs  Gunn  diode  useful  upper  fre- 
quency to  about  70  GHz.  Further,  if  the  drift  velocity  is  increased  in  an  attempt  to 
increase  transit-time  frequency,  by  reducing  device  bias  voltage,  the  output  power  is 
drastically  reduced.  This  occurs  since  peak-power  voltage  V = £l,  where  £ is  the  electric 
field  satisfying  the  transit-time  requirement,  along  with  device  threshold  voltage, 

V_  = 3.2  kV/cm  x length,  are  correspondingly  reduced.  Since  rf  voltage  swings  cannot  go 
much  below  threshold  their  maximum  excursions  are  only  a few  tenths  of  a volt  and  the 
corresponding  output  power  is  insignificant. 


2.2 


Diode  Operation 


GaAs  Gunn  diodes  designed  to  operate  in  the  45  to  55  GHz  region  were  successfully  operated 
an  octave  or  more  above  their  intended  frequency  and  produced  nominally  +7  to  +10  dBm 
output  power.  The  operating  bias  voltages,  typically  4 to  5.5  Vdc,  are  substantially 
higher  than  values  calculated  from  transit-time  considerations  which  suggests  they  are 
operating  in  a hybrid  mode. 

2.3  Circuit  Construction  Details 

A photograph  of  the  prototype  wide-band  mechanically  tunable  W-band  CW  Gunn  diode  oscilla- 
tor is  shown  in  Fig.  1.  The  cross-section  of  a typical  millimeter  Gunn  diode  in  standard 
threaded  copper  heat  sink  packages,  having  ceramic  standoff  ring  and  diode  top  cap  diameter 
0.030",  is  shown  in  Fig.  2.  This  device  is  mounted  in  a diode  holder/frequency  tuner  and 
introduced  into  the  broad  wall  (floor)  of  WR-10  waveguide.  To  ensure  adequate  heat  con- 
duction away  from  the  diode  junction,  the  beryllium  copper  diode  holder/frequency  tuner 
forms  a large  portion  of  the  oscillator  body.  Smooth  continuous  frequency  tuning  is 
achieved  using  small  pitch  tuner  threads.  A cross-sectional  view  of  the  94  GHz  Gunn  diode 
oscillator  is  shown  in  Fig.  3. 

The  bias  circuit  for  Gunn  diode  oscillators  is  not  especially  critical  as  an  impedance 
transformer  but  is  a dominant  element  for  IMPATT  devices  (Chao,  C..,  1977).  Bias  voltage 
in  this  design  is  supplied  thru  the  opposite  waveguide  broad  wall  by  way  of  a standard 
single  section,  anodized  aluminum  rf  choke.  The  choke  end-section  forms  one  face  of  a 
quarter  wavelength  quasi-radial  mode  resonator  while  the  diodes'  flange  in  cooperation 
with  the  corresponding  broad  wall  (floor)  of  the  waveguide  form  the  other  side.  A sliding 
short  placed  behind  the  diode  adjusts  the  coupling  between  the  localized  radial  cavity  and 
waveguide  output.  Since  the  frequency  of  operation  is  primarily  established  by  the  radial 
region  very  close  to  the  diode,  primary  influence  of  the  sliding  short  is  impedance  match- 
ing. At  the  point  of  optimum  coupling,  that  is  when  the  short  is  located  approximately 
an  odd  number  of  quarter  wavelengths  Q2n+l/5  lg  (Lee,  T.  P..,  1968)  behind  the  diode, 
maximum  power  output  coincident  with  minimum  noise  results.  The  diode  package  flange 
whose  diameter  is  approximately  0.120"  is  introduced  thru  the  waveguide  floor  by  way  of 
the  diode  flange  passage,  cf.  Fig.  3.  Frequency  tuning  is  achieved  by  mechanically  vary- 
ing the  diodes'  position  in  the  waveguide:  inserting  the  diode  further  into  the  waveguide 
increases  field  fringing,  effectively  increasing  the  radial  cavity  dimensions  which  results 
in  a lower  oscillation  frequency. 

3 . RF  MEASUREMENTS  ANn  PERFORMANCE 

The  output  power  versus  frequency  characteristics  are  shown  in  Fig.  4 for  the  W9400T-1 
wide-band  mechanically  tunable  CW  Gunn  diode  oscillator.  For  the  commercially  available 
MA4349  Gunn  diode,  stabilized  at  +47°C,  the  bias  voltage  was  set  to  Vop  = 3.83  Vdc  with 
I0p  = 1.2A  as  the  frequency  was  continuously  varied.  Corresponding  output  power  of 
+lu  dBm  ± 1 dB  was  obtained  for  77.5  GHz  £ fQp  £ 95.5  GHz.  The  adjustable  waveguide  short, 
located  approximately  (5/4) Ag  behind  the  diode,  was  simultaneously  optimized  at  each 
frequency.  Similar  results  were  obtained  for  the  NEC  ND7H50  Gunn  diode:  output  power 
over  the  10  GHz  range  83  GHz  £ f0p  £ 93  GHz  was  +11.2  dBm  ±0.6  dB  with  the  same  bias 
choke/radial  mode  resonator  used  in  conjunction  with  the  MA4349  Gunn  diode  above.  The 
tuning  characteristic  shown  for  an  ALPHA  G5726  Gunn  diode  from  86  GHz  to  102  GHz  was 
obtained  using  a smaller  radial  cavity  hat.  Power  output  was  +9.5  dBm  ±0.5  dB  over  the 
11  GHz  range  87  GHz  £ fQp  £ 98  GHz.  Output  power  and  frequency  as  function  of  temperature 
for  the  same  MA4349  Gunn  aiode  described  above,  are  shown  in  Fig.  5 for  the  W9400T-1 
tunable  Gunn  diode  oscillator.  Maximum  power  and  frequency  variations  over  the  range 
-40°C  to  +50°C  were  AP/AT  £ 0.133  dB/°C  and  Af/AT  £ 4.85  MHz/°C  respectively  at  94  GHz. 
Similar  results  were  obtained  for  the  NEC  ND7H50  Ser.  No.  38  Gunn  diode,  cf.  Fig.  6.  The 
maximum  variations  were  AP/AT  £ 0.0625  dB/°C  and  5.5  MHz/°C  respectively.  The  results, 
cf.  Fig.  7,  of  a fixed  tuned  version  of  this  oscillator,  cf.  Fig.  8,  are  given  for  the 
NEC  ND7H50  Ser.  No.  38,  Gunn  diode.  Corresponding  maximum  power  and  frequency  variations 
AP/AT  £ 0.024  dB/°C  and  Af/AT  £ 4.29  MHz/°C  were  obtained  with  the  W9400F-0  fixed  tuned 
oscillator  initially  set  to  93.61  GHz  at  room  temperature. 

3.1  Additional  Results 

The  operating  characteristics  given  in  Figs.  4 thru  7 are  typical  of  those  obtained  using 
readily  available  Gunn  devices.  Of  the  more  than  100  diodes  measured  in  W9400T-1  approxi- 
mately 80%  produced  similar  results.  The  best  Gunn  diode  oscillator  CW  results  obtained 
thus  far  were  an  output  power  of  +18.3  dBm  with  1.27%  conversion  efficiency  at  94  GHz. 

4 . FM  NOISE  MEASUREMENTS  OF  94  GHz  GUNN  DIODE  OSCILLATORS 

4.1  General  Discussion 

FM  Noise  Measurements  were  performed  on  Alpha  W9400  Gunn  di'd  • -*  illitots  at  94  GHz. 

Noise  spectra  close  to  the  carrier  frequency  (0-2  kHz)  were  meisui.-i  using  the  standard 
heterodyne/IF  discriminator  technique,  e.g.  (Holman,  R.  H.  , 196'' ' The  measurements  were 
conducted  in  a screened  room  with  Gunn  diode  oscillator  1 - Her'  ■ s voltage  regu- 

lator circuit  driven  by  a 12  volt  lead-acid  battery. 


4.}  Measuring  System 

A block  diagram  of  the  FM  noise  measuring  system,  of.  Fig.  *»  consists  of  essentially  l wo 
parts:  (a)  t ho  IF  calibration  sect  Ion  and  (b)  the  KF  to  IF  conversion  section.  llaatoAlly, 

thla  technique  leliea  on  a tow  nolap  ** 4 Gil*  looa  1 oaolltatoi  which  In  tlila  oaap  la  vIpi  1vp>I 
f i i'm  a 10**  Mil*  crystal  oaolltatoi  - ampltftei  - harmonic  multipliet  ohaln.  When  hpt  pi  odyned 
agalnal  flip  oaoillatol  undei  I pal  , which  la  offaot  In  f i pgupnoy  by  an  amount  equal  to  the 
IF  (ISO  Mil*),  t hp  iPHiittlng  m'lap  spool  t urn  display  aftpi  d t act tmiuat ion  la  paapntlatly  that 
of  t hp  ’noisy*  oaolltatoi  nndpi  t pat . 

4.^.1  Gal  Ho  at  Ion 
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ordei  to  mlnlml*p  inherent  drift  pnoia,  To  oallbratp  t Iip  ay  at  pm  an  and  to  oaolltatoi  t nnod 
to  t kit*  imld  vangp  foi  t hp  haaphand  nolap  npeotia  mpaauipd)  wan  used  to  modnlatp  t tip 
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AltPi  domodutat  ion,  In  thp  IMI  Mil?  d i not  imi  nat  oi  , thp  I ktl?  lino  in  amplified,  panned  thin 
t hi'  I'A-bA  video  atialy*er,  and  diaplayed  i'ii  the  vpitioal  axtn  v'f  an  onot  I loaoope.  The  veil  l- 
cal  posit  ion  land  gain'  controls  on  the  npeotinm  analy*ei  and  noopp  wpi  p net  at  1.4  cm 
above  the  graticule  opntei  line.  Thin  voltage  lefeienoe  point  v'oi  I enpondn  lo  a |'eak  devi- 
ation ot  i.4t'r'  kit?  and  in  lined  t o oonvei  t the  obapi  ved  FM  tiv'lne  npeotia  Into  I mn  f i eguenoy 
devlat ion. 

4.«..’  KF  to  IF  Oonvei  a ion 

The  low  notnp  crystal  oontiolled  '44.00  Gil?  local  oaoillatol,  of,  block  dtagiam  Fig.  10,  in 
attenuated  ami  tnlected  inti'  an  Alpha  TKG  mixei  (Model  <4l.’l"  at  a nominal  diive  level  ot 
0 dlim.  S Imul  t atipoualy , the  output  signal  and  tioine  npeotinm  of  t lie  Gunn  diode  onoillatoi 
unde  i tent,  tuned  to  K4  Gil?  t l Ml  Mil?,  In  introduced  tluu  the  mixei  signal  poi  t . The  down 
converted  (l  Ml  Mils  I spectrum  at  the  mixei  IF  pot  t in  applied  to  the  I'M  dlnoi  tminatot  and 
phot  ogi  aplia  ot  the  wave  analy?ei  swept  output  display  (0  to  kit?  sweep  langel  taken.  The 
calibration  wan  reeheokod  to  Innure  against  possible  system  drift. 

4.  ' Ni'lne  Meanui  ement  a and  Calculation  of  mis  FM  Noise  I'evlatlon 

4.  t.l  Noise  Measurements 

Noise  measurement  n close  to  the  cart  iet  must  be  pet  formed  in  an  e loot  i omagnet  leal  ly  shielded 
enolonuie  and  the  onoillatoi  undei  tent  operated  ftom  a batteiy  supply.  All  unneoenaai y 
egilipment  should  be  tinned  off  during  the  meanui  ement  phane  and  wltei  e possible  equipment 
should  bi'  batteiy  pi'weied.  Meanui  ement  a I epoi  t ed  heie  weie  conducted  In  a act  pen  I oom  and 
the  Gunn  diode  onoillatoi  bias  was  derived  from  a voltage  legulatoi  oiioult  dt tven  by  a 
U volt  lead  acid  battery. 

The  FM  deviation  of  the  Gunn  diode  onoillatoi  undei  test  appeal n an  a noise  powei  (spectral 
density'  apei't I urn  on  the  video  analy?ei  onotllonoope  output  diaplay.  FM  noise  meanui ement n 
wei  e made  ovot  the  baseband  (video!  range  extending  out  to  kit?  off  the  call  lei.  A nei  ten 
ot  multiple  pxpoani  ea  wei  e made  of  each  net  of  meanui  ement  n (appi  ox  Imat  e l y It"  while  oaie 
fully  maintaining  a null  position  on  the  ?eio  centered  mloi ovol t met ei  at  t he  d t noi tmlnat oi 
output.  The  correct  null  position  Is  annul  ml  only  if  t lie  down  oonvei ted  IF  npeot t um  in 
exactly  IMI  Mil*.  Since  the  disci  imiuatot  bandwidth  is  veiy  naiiow  the  cent  ei  ot  its  "K- 
ctirve",  con  e spending  to  the  null,  is  obtained  by  slum  1 1 aneoun  I y viewing  the  IF  |>owei 
spectrum  on  the  III'  ttr'S41l  analy*ei  while  tilmmlm)  t tie  fine  ( i eguenoy  adiunt  (mloiometei' 
i'f  the  Gunn  diode  oaoillatol  undei  tent  foi  t tie  mlcrovol  t met  et  null.  The  neiien  ol  multiple 
exposures  la  necessary  to  aid  in  visual  ent imat ion  of  the  relative  peak  level  of  the  video 
noise  speot i a I display!  the  multiple  exposures,  of . Fig.  II,  net ve  t o aveiage  (integiate! 
the  obaetved  instantaneous  osel I lonoope  fluctuations,  theieby  making  them  appeal  ntationaiy. 

The  video  measuring  range  of  t lie  low  f i equenoy  wave  analy?ei  was  extended  to  Its  full  range 
of  40  kit?  during  the  com se  of  t he  measurements.  Since  the  noise  npeotia  maintained  the 
t i end  established  at  kit?  of  f cat  t let  no  attempt  wan  made  to  photograph  t Irene  I exult  a. 

Photographs  II  and  It,  of.  Fig.  11,  are  foi  (tie  N4400T  I wideband  (If  » ’ btl?'  mechanically 
tunable  11111111  diode  onoillatoi.  Phot  ogi  aph  II  cot  responds  t o the  optimum  timing  oondit  lout 
namely,  the  oscillator  w ns  tuned  t o powei  peak  and  matched  with  the  mloiometei  coupling 
(waveguide  short'  ad  fust  ment  . The  osolllatoi  wan  then  slightly  dot  lined  with  the  main 
f i equenoy  I unei , then  "pulled"  onto  f I eguenoy  with  the  coupling  adlust  mloiometei,  cl . 
Photograph  It,  Fig.  II.  This  latei  condition  con  expends  to  opoi at  ton  along  the  slope  of 
the  power -f r equenoy  locus  and  produces  a nolniei  npeotinm.  Phot ogi aph  II,  Fig.  II,  in 
the  FM  noise  powei  spectrum  of  t ho  W'1400  F O (Fixed  Tuned  Oitgtnal'  Gunn  diode  oscillator. 


4.1.2  Calculations  of  iron  FM  Noise  Deviation 

Ordinarily,  FM  noise  is  described  in  toims  of  single  sideband  ims  noise  ileviat  ion,  Aft-ms, 
and  normalized  to  a one  hertz  bandwidth.  Since  the  video  analyzer  displays,  cf.  Fig.  11, 
are  power  spect rums  they  must  be  converted.  A sample  calculation,  cf.  Fig.  12,  illustrates 
the  steps  taken  to  generate  the  results,  cf.  Fig.  1.1,  namely: 

1)  Ad  lust  the  calibration  signal  level  to  1.4  cm  (i.e.  14  dB)  above  the  reference  line 
(in  this  case  the  center  line  of  the  osci 1 loscope)  when  the  lr>0  MHz  reference  signal  is 
modulated  to  the  first  carrier  null,  cf.  Section  4.2.1  above.  This  point  corresponds  to 
a peak  deviation  of  2.40">  kHz,  cf . Fig.  12a. 

2)  Display  and  photograph  (using  multiple  exposures)  the  Gunn  diode  oscillator  noise  i>owoi 
spectrum  as  discussed  in  Section  4.1.1,  cf . Fig.  11. 

1)  Fat imate  the  peak  level  of  the  noise  relative  to  the  reference  point.  For  this  example 
it  is  ll  dll  below  the  center  line,  i.e.  22  dll  below  the  reference  deviation  point,  cf . Fig.  Hi. 

4)  The  corresponding  rms  level  is  another  8 dll  below  the  peak  level  (AN  IA0-4,  1974), 
therefore,  the  rms  noise  power  is  10  dll  below  the  reference  level. 

5)  However,  this  noise  potter  is  the  total  power  contained  in  two  sidebands.  Assuming 
equal  noise  power  pet  sideband  the  single  sideband  rms  noise  power  is  13  dll  below  the 
reference  level. 

6)  The  noise  spect turn  displayed  was  measured  in  a (video  analyzer)  noise  bandwidth  of 
8.4  Hz,  hence  the  noise  relative  to  a 1 hertz  bandwidth  is  less  by  another  8 dll. 

7)  Finally,  for  this  example,  the  single  sideband  rms  noise  power  level  referenced  to  a 
1 hertz  bandwidth  is  41  dB  below  t lie  peak  reference  signal,  i.e. 


Although  t lie  noise  measuring  technique  used  for  these  measurements  is  not  as  accuiate  as 
the  phase  bridge  method  (Ondtia,  .) . . , 1988),  it  is  ideally  suited  for  relative  measuiements 
and  essential  in  selecting  low  noise  Gunn  diodes  and  constructing  low  noise  sources. 

The  single  sideband  rms  noise  deviation,  A f tms , normalized  to  a one  hoi t z bandwidth  foi 
both  th«'  tunable  W9400T-1  and  fixed  frequency  W9400F-0  Gunn  diode  oscillators  ate  shown 
in  Fig.  1 1 for  frequencies  200  Hz  to  2 kHz  off  carrier.  These  results  were  derived  fiom 
Fig.  11  as  described  in  Section  4.1.2  above.  The  general  character  of  the  noise  in  this 
region  is  x fm~n  in  nature  where  fm  is  video  frequency  (frequency  off  carrier)  and 
0.7-a'l..'  which  is  in  agreement  with  the  model  for  the  noisy  transferred  electron  osotl- 
latot  (TFrt)  described  recently  (Gner lich , H . . , 1977).  At  video  frequency  (-'I  kHz  the 
single  sideband  rms  noise  deviation  was  27  Hz.  referred  to  a 1 hertz  bandwidth  foi  the 
WUlOtlT- 1 tunable  Gunn  diode  oscillator  when  adjusted  to  powei  peak  (t9.1  dBm)  and  '4  Hz 
when  tuned  off  power  peak.  A fixed  frequency  W9400F-0  Gunn  diode  osoillatot  tuned  to 
power  peak  (t9.0  dllrn)  had  corresponding  Afrm!<  - 21  Hz. 

Measure!  Gunn  diode  oscillator  FM  noise  deviation  at  94  GHz,  over  the  video  range  1 kHz 
to  l,0()n  kHz  off  the  carrier,  reported  recently,  cf.  Fig.  2 of  (Tully,  ,1.  W..,  1878),  is 
shown  I lime  foi  the  Hughes  Aircraft  Company  source.  The  corresponding  value  reported 
t here  is  80  Hz  rms  deviation  referenced  to  a l lie: t z bandwidth  at  1 kHz  off  the  earrtei 
frequency.  For  put  poses  of  comparison  this  curve  is  superimposed  on  the  results  obtained 
here,  cf.  Fig.  11.  The  Alpha  TRG  Gunn  diode  oscillator  FM  noise  deviation  are  replotted 
on  an  expanded  linear  horizontal  scale,  cf.  Fig.  14. 

4.1.4.  General  Comments 


Foi  th<-  results  presented  in  this  paper,  no  effort  was  made  t o select  diodes  t or  optimum 
output  power  ot  low  noise.  Further,  these  test  oscillators  are  tai  from  optimum  togatding 
low  noise  performance.  It  is  not  unreasonable  to  anticipate  a l to  S dB  improvement  in 
noise  performance  using  selected  diodes  and  next  generation  oscillators. 

A . SUMMARY 

Fspm i mental  icsults  presented  in  this  papet  demons! i ate  that  wide  mechanical  tuning  tango 
. tn  1'.'  achieved  at  millimctet  (roquencies  using  id  id  state  devices.  Sped  f teal  ly , almost 
20  GHz.  of  rout  inuous  tuning  was  obtained  for  a CW  Gunn  diode  osctllatoi  at  W band  lie- 
quenotos  by  cmoining  a quasi-iadial  mode  cavity  within  full  h i iht  ivK  10  waveguide  and 
gradually  a 1 toting  its  effective  volume.  Cavity  i e is  coni i I led  in  this  design  by 
displacement  of  the  packaged  Gunn  diode  and  it  inue  i el  it  ivc  to  the  waveguide.  At 

the  same  time  the  top  hat  soot  ton  ol  the  i mirn.it  i ••  moved  in  consonance  with  the  diode. 
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Continuous  adjustments  to  circuit  impedance  changes  are  easily  achieved  by  way  of  a 
non-contacting  sliding  short  in  the  waveguide  section  behind  the  diode.  By  simply  chang- 
ing radial  cavity  hat  diameters  another  range  of  frequencies  within  the  operating  band 
can  be  selected.  The  Gunn  diodes,  designed  to  operate  in  the  transit-time  mode  around 
45  GHz,  appear  to  be  operating  in  a hybrid  mode  at  W-band  frequencies  as  evidenced  by 
their  correspondingly  higher  operating  bias  voltages.  Although  Gunn  diodes  designed  for 
operation  around  70  GHz  have  operated  in  the  normal  mode  their  output  power  is  low,  they 
are  unreliable,  and  they  are  not  readily  available.  U-band  (40  GHz  to  60  GHz)  devices, 
on  the  other  hand,  are  commercially  available  in  considerable  quantities. 

FM  noise  measurements  close  to  the  carrier,  made  on  sources  incorporating  these  devices, 
is  substantially  better  than  comparable  klystrons  when  the  diodes  are  operated  at  power 
peak.  Since  no  attempt  was  made  thus  far  to  optimize  noise,  considerable  improvement  is 
anticipated  in  next  generation  sources  and  by  careful  selection  of  mating  diodes. 
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OllTrilT  POWER  AND  FREQUENCY  VERSUS  TEMPERATURE  FOR  MECHANICALLY  TUNABLE  W9400T-1 
CW  GUNN  DIODE  OSCILLATOR.  MA4.I49  GUNN  DIODE,  V - +4.10Vdo,  1.16A  <1  <1.28A 


OUTPUT  IVWER  AND  FREQUENCY  VERSUS  TEMPERATURE  FOR  MECHANICALLY  TUNABLE  W9400T-1 
CW  GUNN  DIODE  OSCILLATOR.  NEC  NP7H50,  SER.  NO.  18,  GUNN  DIODE,  V - +4.4Vde, 
<0 . 99A  <1  <1 . 2A  op 
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OUTPUT  POWER  AND  EREOUFNCY  VERSUS  TEMPERATURE  FOR  FIXED  TUNED  W9400F-0  CW  GUNN 
DIODE  OSCILLATOR.  NEC  ND7HS0 , SER.  NO.  38,  GUNN  DIODE,  V «*4.30Vdc, 

1.02A  <1  <1. 15A  op 


FIG.  8 FIXED  TUNED  W-BAND  CW  GUNN  DIODE  OSCILLATOR 
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FIG.  13  GUNN  OSCILLATOR  SINGLE  SIDEBAND  FM  NOISE  DEVIATION  VS.  FREQUENCY  OFF  CARRIER 

f = 94.15  GHz 
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FIG.  14  GUNN  OSCILLATOR  SINGLE  SIDEBAND  FM  NOISE  DEVIATION  VS.  FREQUENCY  OFF  CARRIER 
f * 94.15  GHz 
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DISCUSSION 


Nigel  Keen,  FRG 

In  view  of  the  advances  in  Schottky  barrier  diodes,  in  particular  the  Mott  diode,  Gunn-diode/frequency-multiplier 

combinations  become  very  interesting  for  local  oscillators  up  to  as  high  as  300  GMz.  For  many  users,  however,  two 

conditions  have  to  be  satisfied: 

(a)  the  noise  level  in  the  range  100’s  of  MHz  to  1000’s  of  MHz;  and 

(b)  the  broad-band  tunable  sources  should  be  capable  of  phase-locking. 

Have  you  made  measurements  of  these? 

Author’s  Reply 

(a)  Direct,  absolute  noise  measurements  have  not  been  made  at  this  time,  but  used  as  a local  oscillator  in  conjunc- 
tion with  a single  ended  mixer  its  noise  performance  at  30  MHz  and  70  MHz  IF  frequencies  is  far  superior  to 
Klystrons.  Also,  used  as  a reference  in  a W-band  phase  bridge/reflectometer  set  resulted  in  a tightly  focused 
oscilloscope  presentation  for  Smith  chart  plots  whereas  kystron  sources  produce  excessive  beam  dispersion  and 
jitter  resulting  in  a virtually  useless  display.  This  by  inference  is  an  indication  of  low  noise  performance  of  the 
gunn  source. 

(b)  Phase  locking  of  the  94  GHz  tunable  source  has  not  attempted  but  similar  35  GHz  and  70  GHz  sources  have 
been  successfully  phase  locked  at  TRG.  These  sources  are  presently  in  operation  in  several  systems.  There  is 
no  reason  to  expect  difficulties  in  phase  locking  this  source  at  W-band  (75- 1 10  GHz).  The  necessary  exterial 
hardware  e.g.  mixer,  diodes,  etc.  is  also  available  for  accomplishing  this  task. 


PARAMETRIC  AMPLIFIER  PUMP  DESIGN 


J.J.  Purcell 

Plessey  Research  (Caswell)  Limit ed, 

Allen  Clark  Research  Centre, 

Caswell,  Towcester,  Northants.,  U.K. 

Introduction 

Miniaturized,  all  solid-state,  parametric  amplifers  have  been  developed 
for  earth-to-satellite  communications  at  frequencies  as  high  as  Ka-band 
( 3t>— 38  GHz)  with  typical  operating  characteristics  of  100  MHz  instantaneous 
bandwidth,  gains  of  18  dB  and  noise  figures  of  1.5  to  3 dB  (AIL/NRL  Raytheon/ 
AFAL).  Current  developments  are  directed  towards  the  demonstration  of  low 
noise  performance  at  94  GHz  for  such  applications  as  coherent  radar  (LNR), 
space-object  imaging,  reconnaissance,  and  communications. 

The  use  of  cryogenic  techniques  to  minimise  the  amplifier  noise  temp- 
erature is  generally  restricted  to  radio  astronomy  where  expense,  complexity, 
and  reliability  may  be  of  secondary  importance.  However,  in  military  com- 
munications or  civil  systems,  refrigeration  is  usually  precluded  and  low 
noise  is  obtained  by  'electronic  cooling',  by  the  use  of  high  pump 
frequencies. 

Theoretical  analyses  of  parametric  amplifiers  show  that  with  high  qual- 
ity varactor  diodes,  the  excess  noise  temperature  is  proportional  to  the 
ratio  of  idler  frequency  to  signal  frequency,  with  a minimum  at  yFc>  (Fig  2). 
Development  of  GaAs  varactor  diode  technology  has  enabled  pump  frequencies 
to  be  raised  as  high  as  170  GHz  (Hughes,  AFAL). 

Reference  to  current  state-of-the-art  results  for  Gunn  and  IMP ATT 
sources  (Fig  3)  shows  that  Gunn  pumps  are  limited  to  powers  of  about  80  mW 
at  ]00  GHz  using  either  GaAs  or  InP  devices,  whereas  silicon  avalanche 
diodes  have  produced  cw  powers  of  700  mW  at  94  GHz  (Hughes).  At  lower  pump 
frequencies  of  40  to  50  GHz,  however,  both  Gunn  and  IMPATT  sources  can  pro- 
duce adequate  powers,  and  it  is  the  purpose  of  this  paper  to  compare  their 
performance  characteristics. 
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Par amp  Stability 
(i)  Gain  Stability 

A change  in  pump  power  or  frequency  has  a direct  effect  upon  the 
amplifier  gain.  Changes  can  be  described  as  a lack  of  stability,  or  random- 
ness, and  drift  caused  by  ambient  variations.  It  is  important  that  sources 
considered  for  parametric  amplifiers  should  be  well  engineered  and 
characterised. 

Experimental  values  have  been  obtained  to  describe  the  sensitivity 
of  a 13  dB,  500  MHz  B.W.,  X-band  paranp  to  changes  in  pump  power  and  fre- 
quency^1^. Of  six  amplifiers,  the  average  gain/frequency  sensitivity  was 
approximately  0.1  dB  per  2 MHz  change  in  the  50  GHz  pump  frequency,  and  simi- 
larly, the  gain  to  pump  power  ratio  was  measured  as  a factor  7. 

Assuming  an  overall  system  stability  requirement  of  Op,  then  the 
permissible  parameter  variation  can  be  estimated  using  the  expression:- 

(AP+(6P)AT)  ( 6 G)  , (AF+(6F)AT)  ( 6 G)  _ „ 

(6T)  (6P)  F0  ( 5 T)  ( 6 F)  P0  Gt 

where  AP  and  AF  represent  the  power  and  frequency  stability  and  6P/6T, 

6F/6T  the  temperature  stability. 

Substituting  a realistic  value  of  0.5  dB  for  Gt,  and  the  measured 

values  of  6G/  6P  and  6G/  6F:- 

( AP  + _6P  AT)  x 7 + ( AF  + ( 6 F)  ) AT)  0^  4 0.5  (dB) 


Fig. 


6 T 


( 6T) 


Temperature  stability  is  maintained  either  by  heating  to  a temperature  above 

ambient  or  controlling  by  Peltier  devices  below  ambient.  In  either  case,  a 

stability  of  + 0.5°C  is  readily  obtained,  and  the  expression  becomes :- 

( AP  + __ P)  7 . ( AF  + ( 6 F)  ) 0.05  L 0.5  (dB) 

T ( 6T) 

As  boundary  conditions,  it  can  be  seen  that  the  frequency  stability  is  to 
be  better  than  10  MHz  (in  50  GHz)  and  the  power  stability  better  than  0.07  dB, 
placing  tight  constraints  upon  the  source  design.  Indeed,  the  effective- 
ness of  the  paramp  is  largely  determined  by  the  quality  of  the  pump 


source . 


(ii)  Noise 


n * 


Fit 
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The  excess  noise  temperature  of  the  amplifier  is  determined  by  noise 
at  the  signal  frequency,  and  by  noise  at  the  idler  frequency  down  converted 
by  the  paramp  action.  In  Fig  (5)  is  shown  the  f.m.  noise  spectrum  of  1MPATT 
and  GUNN  pumps  operating  at  40  GHz. 

It  can  be  seen  that  comparable  figures  are  obtained  with  both  types 
of  pump,  with  noise  power  decreasing  at  about  9 dB  per  octave.  (A  constant 
deviation  Fj^jg  would  produce  a decrease  of  b dB  per  octave).  The  relatively 
large  idler  and  signal  bandwidths  of  most  pa ramps  render  them  insensitive 
to  f.m.  pump  noise  in  most  applications. 

In  Fig  (6)  is  shown  the  a.m.  noise  power  spectrum  of  1MPATT  and  GUNN 
pumps,  again  at  40  GHz. 

The  noise  power  falls  as  F“i  away  from  carrier;  however,  at  frequencies 
greater  than  about  100  KHz,  the  IMPATT  noise  power  is  found  to  remain  essen- 
tially constant.  Measurements  at  R.S.R.E.  (Baldock)  have  shown  IMPATT  a.m. 
noise  levels  of  - 1 00  dB/Hz  as  far  as  8 GHz  from  carrier  frequency,  a.m. 
noise  at.  the  idler  frequency  is  converted  by  the  paramp  action  to  degrade 
the  amplifier  noise  figure  at  the  signal  frequency. 

By  including  a simple  3-pole,  500  MHz  bandwidth,  l8  dB  per  octave, 
pass-band  filter  in  the  pump  line,  noise  temperature  degradation  is  elimi- 
nated with  all  IMPATT  pumps  Under  small-signal  conditions,  comparable 

performance  has  been  obtained  with  a paramp  using  a Klystron,  TMPA7T,  or 
Gunn  Pump  source. 

In  Fig  (7)  is  shown  a commercial  40  GHz  GUNN  pump  in  an  aluminium 
body  with  an  integral  isolator.  In  Fig  (8)  is  shown  a 55  GHz  IMPATT  pump 
with  an  isolator  (IMS)  and  the  3-pole  filter. 

Hie  characteristic  performance  of  these  pumps  in  compared  in  the 
following  Table  (Fig  0). 

It  may  be  seen  that  overall  stability  figures  are  very  similar. 

The  principal  difference  between  the  Gunn  and  IMPATT  source  is  that  the 
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Gunn  output  power  is  not  readily  adjustable. 

In  order  to  maximise  the  dynamic  range  of  the  amplifier,  the  manu- 
facturer requires  to  adjust  the  pump  power  over  as  much  as  2 dll.  In  the 
case  of  an  IMPATT  pump,  power  is  a direct  function  of  diode  bias  level  and 
control  is  simple.  However,  this  range  of  power  variation  is  not  readily 
obtained  from  T.E.O’s  owing  to  the  high  frequency  /voltage  pushing  factors. 
In  practice,  the  T.E.O.  manufacturer  includes  an  adjustable  lossy  element, 
at  the  expense  of  overall  efficiency. 

Source  Power  and  Efficiency 

Hie  paramp  pump  power  requirement  is  not  usually  greater  than  200  niW 
enabling  both  T.E.O.  or  IMPATT's  to  be  considered  below  about  50  GHz. 

Solid-state  source  reliability  is  primarily  determined  by  the  device 
operating  temperature,  and  failure  is  associated  with  the  metallurgical 
degradation  of  the  contacts. 

Operating  M.T.B.F.’s  of  the  order  of  10^  or  1 0 5 hours  are  predicted 
for  devices  maintained  below  200°C,  as  shown  by  the  accelerated  life-test 
data  in  Fig  (10).  The  inferior  reliability  of  IMPATT  diodes  having 
chromium-palladium-gold  metallisation  is  clearly  shown. 

Taking  a figure  of  200°C  maximum  temperature  rise,  and  using  observed 
efficiency  values,  a maximum  output  power  against  frequency  curve  can  be 
plotted.  In  Fig  (ll)  is  shown  the  predicted  Gunn  source  performance,  pre- 
dicting maximum  frequencies  of  50  GHz  for  200  mW  and  04  GHz  for  l 00  mW 
output  powers.  The  rapid  fall-off  with  frequency  is  caused  by  a combina- 
tion of  low  dc  to  r.f.  conversion  efficiencies  and  high  thermal  inpedanees. 

In  Fig  (12)  is  shown  the  corresponding  data  for  double-drift  silicon 
IMPATTs.  The  efficiency  falls  slowly  with  increasing  frequency,  and  lower 
thermal  impedances  are  achieved,  enabling  powers  as  high  as  200  mW  to  be 
maintained  to  frequencies  as  high  as  70  GHz,  and  |00  mW  at  100  GHz. 

Although  intended  only  as  a broad  indication  of  their  relative  capa- 
bilities, it  can  be  seen  tluit,  in  general,  Gunn  pumps  are  best  suited  to 


frequencies  below  about  00  0Hz  for  all  but  very  low  power  requirements.  The 
IMP  ATT  sources  produces  100  mW  to  frequencies  as  high  as  100  0Hz,  with  high 
reliability. 

Reference 

1.  ' IMP  ATT  Pump  Siviebiuui  Noise  and  its  Effect  on  Parametric  Amplifier 

Noise  Temperature',  C.A.  TVarle  and  K.R.  Heath,  IEEE  MTT-23,  12, 

Dec.  1975,  pp.  1030-1042. 
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DISCUSSION 


J.A.CaJvietto.  US 

C»n  you  describe  the  quality  of  the  varactors  specifically 

(a)  what  is  the  zero  volt  bias  cut  off  frequency 

(b)  what  technique  did  you  use  to  measure  Rs 

(c)  at  what  frequency  was  Rs  characterizes). 

Author's  Reply 

We  don  t manufacture  GaAs  varactors  at  Plessey  for  these  applications,  although  we  do  supply  the  epitaxial 
material. 

Comment  by  A.Deadman.  UK 

(a)  For  GaAs  diffused  diodes  Fco  is  typically  600  to  700  GHz.  Hie  latest  Sehottky  banier  diodes  have  Fco  up  to 
1 000  GHz. 

(b)  Rs  is  measured  by  a modified  Deloach  transmission  technique. 

(c)  5.6  GHz. 
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.loping  profile  I ho  bivak.l.'wn  toltages  range  between  S\  amt  I 'V  M the  high  ltv.|uenetes  ol  operation  the  losistno 
losses  in  the  .lio.lo  substrate  oan  booonio  .|uito  stgiiifioanl  lot  this  reason  the  substiatos  ot  those  .luvlos  aiv  iv.luoo.l  m 
thioknoss  to  a low  tnterons 

Because  ol  tort  high  liv.pu'iiot  of  operation,  the  total  aolno  region  ol  the  IMP  V I I >lio.lo  is  onlt  about  t'  ''  mion'ti 
long  I ho  reali/ation  ol  the  .losiiv.l  .loping  piolilo  atnl  the  eluninalion  ol  the  p.'sitno  tesistaneo  ass.vialo.l  tt  uh  the 
unswopt  epitaxial  region  al  llio  .let  toe  operating  lot  ol  aiv  .liiiwuli  oton  with  state  ol  llio  ail  loohnol.'gt  I lie  aeeui.ui 
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required  for  determining  the  diode  doping  profile  almost  exceeds  the  resolution  of  the  capacitance-voltage  (C  \ I method 
eominonl>  used  m profiling  the  diode  Most  careful  measurements  are  therefore  required  to  eharaeteri/e  the  doping 
profile.  1 lie  measured  epi  doping  profile  is  also  used  as  a reference  for  ion  implantation  to  form  the  compensated  p 
region. 


After  epitaxial  material  growth  and  ion-implantation,  a shallow  boron  diffusion  is  used  to  torm  the  p*  contact 
lay  er  w Inch  is  typically  0 I 5 jim  thick  1 he  silicon  w al'ers  are  then  metali/ed  on  both  sides  with  Cr-I’t  Au  metah/ation. 
followed  by  photolithography  and  etching  of  circular  mesa  diodes  approximately  4 mils  in  diameter  I he  finished  diode 
is  subsequently  bonded  on  a gold  plated  copper  or  diamond  heat  sinks  In  thermal  compression  bonding  technique  I lie 
diode  processing  is  completed  In  packaging  the  diode  chips  using  special  packaging  techniques 

Package  Development 

In  order  to  properly  transform  tile  relatively  high  circuit  impedance  to  the  low  device  impedance,  package  parasitics 
must  have  optimum  values  In  addition,  one  particular  important  design  factor  for  any  solid-state  source  is  the  efficient 
removal  ol  heat  due  to  the  power  dissipation  in  the  diode  The  operation  of  IMPAT1  diodes  at  these  frequencies  is 
largely  thermally  limited  in  output  power  and  efficiency  . 

In  order  to  develop  a package  configuration  with  optimum  parasitics  and  good  thermal  properties,  two  approaches 
have  been  used  In  the  first  approach,  bias  contact  is  made  directly  to  the  diode  with  a wire  welded  on  the  end  ol  the  bias 
pm  thus  eliminating  the  need  for  a quart/  standoff  and  the  associated  package  parasitics  I wo  versions  of  the  w ire  confi 
guration  have  been  developed  utilizing  single-  and  double-welded  wire  contacts  The  direct  contact  scheme  results  in  low 
parasitics  Moreover,  the  spring  action  of  the  wire  provides  adequate  compensation  for  the  thermal  expansion  and 
contraction  which  occur  as  the  device  temperature  is  varied  between  the  ambient  and  operating  values  I'nfortunately . 
this  technique  requires  rigid  mechanical  tolerances. 

In  a second  approach,  the  conventional  quart/  standoff  package  previously  used  successfully  up  to  I ’0  fill/  has 
been  improved  for  operation  at  '.0  fill/.  A miniaturized  version  has  been  developed  Diodes  with  this  ty  pe  ol  package 
give  consistently  good  HI  performance  with  wide  tunability  This  feature  indicates  that  the  parasitics  of  this  package 
configuration  have  reasonably  optimized  values. 

Circuit  Development 

At  frequencies  higher  than  140  Call/,  several  problems  which  are  encountered  commonly  at  lower  millimeter-wave 
frequencies  are  amplified  l-'irst.  the  phy  sical  dimensions  of  the  waveguide  becomes  inconveniently  small  This  feature 
makes  the  diode  mounting  and  oscillator  assembly  difficult  In  addition,  because  of  the  very  short  wavelength  involved, 
the  dimensions  of  the  diode  package  become  comparable  to  a wavelength.  This  fact  makes  impedance  matching  between 
the  diode  and  the  circuit  more  critically  dependent  on  the  package  parameters  which  can  limit  the  performance  of  the 
diode  if  not  properly  chosen.  In  order  to  overcome  this  performance  limitation  and  to  match  the  device  and  circuit 
impedances  properly  , the  package  design  must  be  considered  as  an  important  part  of  the  overall  circuit  design  This  chip- 
level  circuit  design  requires  a new  type  of  cavity  to  facilitate  diode  mounting  and  packaging 

The  circuit  used  for  the  IMI’ATT  oscillator  is  a reduced  height  waveguide  cavity  which  consists  of  three  major 
sections  A tapered  waveguide  section  which  transforms  from  full  height  to  reduced  height  waveguide,  a reduced  height 
waveguide  wafer  section  which  contains  the  IMP MT  diode  and  a mechanical  tuning  short  section  The  cavity  design 
resembles  Sharpless  wafer-ty  pe  circuits  used  for  mixer  diode  applications  The  wafer  is  sandwiched  between  the  other 
two  sections  to  form  the  complete  waveguide  cavity 

The  wafer-mounted  IMI’ATT  diode  modular  cavity  design  permits  variation  of  the  circuit  configuration  at  the  chip 
level  The  IMP  A IT  diode  is  soldered  to  a heat  sink  slab  which  forms  the  lower  wall  of  the  waveguide  slot  \ bias  pin  is 
used  to  contact  the  diode  which  can  be  either  packaged  or  unpackaged  The  bias  pin  is  inserted  through  a choke  in  the 
top  of  the  wafer  In  order  to  eliminate  any  low  -frequency  instabilities  there  are  two  sections  of  lossy  material 
tl  ccosorhl  m the  bias  choke  This  bias  network  design  for  eliminating  instabilities  is  important  for  1 O applications  ot 
the  oscillator 


CONCLUSION 

Solid-state  device  technology  has  advanced  to  the  point  where  millimeter-wave  sources  are  ready  for  system  applica 
lions.  Along  with  small  size  and  light  weight,  solid  state  devices  also  offers  high  reliability  l;\ tensive  reliability  studies 
of  millimeter-wave  devices  have  been  made  in  the  past  several  y ears  so  that  systems  can  now  be  designed  not  only  for 
performance  but  also  for  reliability  It  appears  that  the  key  solid-state  devices  necessary  for  systems  such  as  tracking 
radars  and  missile  seekers  are  ready  up  to  100011/  and  that  the  frequency  coverage  is  rapidly  extending  into  140 Oil/ 
and  : 20  011/ 


Ill 
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ABSTRACT 

The  IICN  laser  used  as  tlio  local  oscillator  had  an  output  power  of  .VS  m\V  which  was  not  sutTicient  to  drive  the 
ilioiles  into  saturation. 

Optically  pumped  subinm  lasers  have  several  subntm  laser  lines  with  powers  up  to  .Ul  mWatts  suitable  to  drive  a 
diode  mixer  to  generate  I.F.  signals  between  I Mil/  and  a few  Gil/.  The  sensitivity  of  the  diode  mixers  which  are  used 
for  heterodyne  detection  systems  in  the  submm  wavelength  range  was  determined  using  IK'N-lasers  and  optically  pumped 
submit!  gas  lasers  between  41.7  fim  and  I . ' 1 7 jnn.  The  difference  frequency  ti  l l signals  are  generated  by  mixing  laser 
lines  of  two  different  submm  lasers  whose  beams  were  combined  by  an  optical  diplexer  The  beat  signals  are  detected 
using  a Sehottky  diode  in  an  open  structure  mixer  followed  by  a spectrum  analyzer 

Using  a quasi  optical  mixer  and  lasers  as  submm  sources  measurements  have  been  made  in  order  to  determine  the 
conversion  loss  1 „ of  the  diode  anil  the  mode  structure  of  the  submm  laser  s\  stem  with  metallic  w aveguides  is  discussed. 


I.  INTRODUCTION 

The  development  of  submm  lasers  and,  recently . carcmotrons  have  advanced  the  interest  in  heterody  ning  techniques 
in  the  submm  wavelength  range.  It  may  well  turn  out  to  be  of  great  significance  for  different  phy  sical  applications, 
especially  for  astronomical  observations.  (Hodges,  D. T.  |d?.t  Eps/tein,  B.  I't’S.I 

II  THE  HETERODYNE  SYSTEM  WITH  TWO  HON  LASERS 

The  first  measurements  were  carried  out  at  a frequency  of  8*>0  GHz  using  IICN  laser  radiation  t\  .M'  unit 
(Sauter.  T . Schultz,  G.V.  |477/krautle.  IT;  Sauter,  E..  Schultz,  G.V  l'»',"t  The  IICN  laser,  used  as  local  oscillator 
< l Of.  has  a maximum  output  power  of  8.5  m\V.  The  signal  laser  beam  and  the  I O beam  are  superimposed  by  a Mi  la r toil. 
.«■  ling  as  a directional  coupler.  In  an  open-structure  mixer  (OSM1  a whisker,  having  a length  of  several  wavelengths,  acts 
as  a long-w  ire  antenna  for  the  submm  radiation  (Tig  I V The  submm  radiation  is  focussed  by  means  of  a TPX-lens  into  the 
main  lobe  of  this  long-wire  antenna.  Since  the  antenna  pattern  of  a long-w  ire  antenna  is  sy  mmetrical  about  the  wire  axis, 
the  antenna  picks  up  only  a very  small  part  of  the  incident  submm  power.  In  onler  to  reduce  the  coupling  losses  into  the 
diode,  the  gain  characteristics  of  the  antenna  were  improved  by  combining  the  whisker  with  a comer  reflector 
(Krautle,  IT.  Sauter,  E.;  Schults.  G.V.  1077V  It  has  been  found  that  a **0"  corner  reflector  improves  the  coupling 
efficiency  by  I 7 dB  compared  to  a whisker  without  reflector  (E'ig.7)  by  changing  the  conical  antenna  pattern  into  a beam 
antenna  pattern.  The  conversion  loss  1 A, . which  is  the  most  important  figure  of  merit  for  a submm  mixer,  is  decreased 
by  an  optimized  reflector  and  a Ga.As  Sehottky  diode  to  ' I dll  in  single  side  band  operation  mode  iSSItt  It  should  be 
mentioned  that  the  conversion  loss  l 0 is  not  the  internal  loss  of  the  diode  itself,  but  includes  especially  the  losses  caused 
by  poor  coupling  of  the  subntm  radiation  to  the  diode  and  losses  due  to  insufficient  I O power 


III.  THE  OPTICALLY  PUMPED  SUBMM  LASER 

As  IICN  lasers  have  insufficient  I O power  to  drive  the  diode  into  saturation  we  used  CO,  laser  pumped  submm  lasers 
The  laser  system  consists  of  a 1.58  m long  CO, -pump  laser  with  a 1 50  line  mm  \u  coated  and  watercooled  Aluminium 
grating.  The  laser  has  a CW  output  power  of  50  40  \V  in  all  branches. 
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To  achieve  high  output  power  also  in  the  9 gim  P-  and  R-branches,  it  is  necessary  to  change  the  partial  pressure  of 
He,  N2  and  C02  depending  on  the  branch  and  the  laser  transition. 

The  submm  resonator  has  a length  of  1.67  m and  metallic  waveguides  of  different  diameters  (6  60  mm)  can  be  used 
(Fig. 3).  The  output  mirror  located  inside  the  waveguide  tube  to  form  a piston  is  used  to  tune  the  resonator  The  submm 
radiation  is  coupled  out  through  an  optimized  conical  horn  optimized  for  the  wavelength  of  534  jim  having  an  opening 
angle  of  1 2°. 

Submm  power  greater  than  30  mW  has  been  achieved  for  different  laser  lines  in  HCOOH  and  CH3OH  in  the  wave- 
length range  4 1 .7  gm  1.217  mm.  The  output  power  was  measured  by  a pyroelectric  detector,  a photon  drag  detector 
and  a golay  cell. 

In  order  to  stabilize  the  submm  laser  the  submm  laser  power  is  fed  back  to  the  piezo  control  of  the  output  coupling 
mirror  of  the  C02-laser  wobbled  at  a frequency  of  80  Hz.  A microphone,  mounted  in  the  gas  resonator,  gives  a signal 
proportional  to  the  absorbed  C02  pump  power.  Hence  the  microphone  signal  can  be  used  to  improve  the  tuning  and 
stabilization  of  the  C02  laser  frequency. 

Using  a brass  tube  as  a waveguide  we  still  find  strong  polarization  for  most  of  all  submm  laser  lines  (polarization  > 
90%). 


IV.  THE  SUBMM  HETERODYNE  SYSTEM 

Figure  4 shows  the  experimental  arrangment  of  the  new  heterodyne  system  consisting  of  a local  oscillator  LO  and 
a submm  signal  laser  with  an  output  power  up  to  10  mW  described  previously  (Roser,  11. P.;  Schultz,  G.V.  1977).  Both 
laser  beams  are  superimposed  by  a diplexer  similar  to  the  construction  of  Erickson  (Erickson,  N.R.  1977).  The  identity 
of  the  submm  laser  lines  can  also  be  determined  by  using  the  diplexer  as  an  interferometer.  The  beat  signals  are  detected 
by  a GaAs  Schottky  diode  in  an  open  structure  mixer  followed  by  a spectrum  analyzer  (Sauter,  E.;  Schultz.  G.V.  1977). 
The  polarisation  of  the  local  oscillator  is  rotated  to  be  perpendicular  to  the  incident  plane  of  the  50  gm  thick  Mylar 
beam  splitter  yielding  a reflection  coefficient  of  50%  at  a wavelength  of  about  300  /am.  Most  of  the  measurements  were 
carried  out  at  the  same  frequencies  for  both  submm  lasers.  With  the  quasi-optical  mixer  which  was  still  optimized  for  the 
HCN  laser  radiation  (X  = 337  /am)  we  achieved  a conversion  loss  L0  = 17.8  dB  (SSB)  for  the  HCOOH  laser  wavelength 
393.62 /am  (761.65  GHz)  which  was  calculated  by  the  ratio  of  the  measured  signal  power  Ps  focussed  on  to  the  diode 
and  the  power  Pjp . 

With  a powerful  optically  pumped  submm  laser  different  modes  are  excited  (Roser,  H.P.;  Schultz,  G.V.  1977). 

The  spectrum  analyzer  trace  shows  in  Figure  5 the  beat  signals  of  different  modes  of  the  powerful  local  oscillator  lasing 
in  HCOOH  on  534.8  gm  (560.7  GHz).  Single  mode  operation  of  the  local  oscillator  was  verified  by  tuning  the  translat- 
able mirror  of  the  submm  laser  and  the  C02  laser. 

Comparing  our  conversion  loss  L0  = 1 7.8  db  (single  side  band)  with  the  results  of  Fetterman  (Fetterman,  H.R.  et  al. 
1978)  L0  = I 2.3  dB  (double  side  band)  it  is  necessary  to  consider  that 

i SSB  = 21  USB 
L-o  4 Lo 

under  the  assumption  that  upper  and  lower  side  band  conversion  losses  are  equal. 

The  submm  laser  heterodyne  system  is  also  useful  to  search  for  weak  submm  laser  lines.  Figure  6 shows  the  beat 
signals  of  the  393.62  gim  HCOOH  laser  line  and  the  new  laser  line  in  HCOOH  optically  pumped  by  R(  18)9  gun  with  a 
difference  frequency  of  56  MHz.  The  resolution  of  our  interferometer  was  too  small  to  determine  the  exact  frequency  of 
the  new  laser  line. 

Experiments  are  now  under  way  to  extend  our  mixing  measurements  up  to  22  GHz  using  two  submm  lasers  or  a 
submm  laser  as  LO  and  a black  body  as  signal  source  (Fig.4). 
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DISCUSSION 

J.J. Jimenez.  France 

Do  you  think  that  this  diode  may  be  used  in  the  submit!  range  as  the  Schottky  diode  is? 

Thea-  are  some  physical  limitations? 

Author’s  Reply 

The  fundamental  differences  between  Mottky  and  Schottky  diodes  are 

(a)  the  disappearance  of  variable  capacitance  in  the  Mottky,  and 

(b)  the  extreme  thinness  of  the  Mottky  epi-layer. 

If  variable  Cj  is  important  for  frequency  multiplication,  then  (a)  is  a limitation.  If  high  power  must  (or  will)  he 
used,  then  (b)  could  be  a disadvantage.  However,  in  general  my  answer  is  "yes  it  may". 


Waveguide  /.user  for  the  Far  Infrared  Pumped  be  a C(>2  Laser.  Appl.  Phys.  Lett.  23(2),  1973. 

Antenna  C 'haractehstics  of  Whisker  Diodes  used  as  Suhtnillinierer  Receivers.  Infrared  Physics 
Vol.  I 7,  No.b,  1977. 


Development  of  an  Optically  Pumped  Molecular  Laser.  Infrared  Physics,  Vol.  1 7,  No.6,  1977. 


Comparison  of  Methods  for  Sensitivity  Determination  of  Point-Contact  Diodes  at  Submm 
Wavelength.  IEEE,  Vol.  M I 1-25.  No.6,  1977. 

Optically  pumped  ( las  Lasers  I Wavelength  fable  of  Laser  Lines.  Review  of  Laser  Engineering, 
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The  Mottky-Diode:  A New  Element  for  Low  Noise  Mixers  at  Millimeter  Wavelengths 

Nigel  J.Keen 

Max-Planck-Institut  fd  Radioastronomie, 

Bonn 

Abstract 

TFTs  paper  reports  measurements  on  a waveguide  mixer  at  115  GHz,  employing  a Sciiottky-barrier  diode 
with  an  extremely  thin  epitaxial  layer,  so  that  it  approximates  a Mott-diode.  The  single-sideband  mixer 
noise  temperature  was  < 200  K when  cooled  to  20  K and  pumped  with  only  150  microwatts  of  local  oscillator 
power.  Room  temperature  noise  performance  of  the  diode  approximated  that  of  the  normal  Schottky-barrier, 
except  that  the  local' oscillator  power  requirement  was  again  significantly  lower. 

Initial  measjirements  on  this  diode  showed  it  to  be  robust  and  reliable,  although  somewhat  more  care 
was  required  when  “initial ly  contacting  the  anode  with  the  pointed  whisker.  An  analysis  of  the  noise  per- 
formance indicates  that  further  improvements  should  be  attainable  by  modifications  in  diode  design,  and 
that  classical  models  for  mixer  noise  generation  require  modification. 

Introduction 

Schottky-barrier  diodes  have  been  employed  for  millimeter-wave  mixers  for  some  years.  The  first  report 
of  mixer  operation  at  room  and  cryogenic  temperatures  was  by  Weinreb  and  Kerr  (1973).  Subsequently  impro- 
ved performance  has  been  reported;  the  present  status  of  room  temperature  mixers  up  to  350  GHz  is  summa- 
rized in  Figure  1.  All  mixers  represented  in  Figure  1 consist  of  a single  diode  in  a reduced-height  wave- 
guide, contacted  by  a thin  whisker;  these  mixers  have  consistently  yielded  the  lowest  noise  across  the 
frequency  range  35  to  360  GHz. 

Cooled  mixers  have  been  reported  sporadically  (Kerr,  1975;  Vizard,  1977;  Beaudin,  Lazareff  and  Mahieu, 
1977;  Zimnermann  and  Haas,  1977),  but  a lower  limit  for  single-sideband  (SSB)  mixer  noise  temperature  was 
around  300  K at  115  GHz  which  did  not  represent  a radical  improvement  compared  to  around  600  K at  room 
temperature.  It  appeared  that  the  Schottky-barrier  diode  would  eventually  have  to  give  way  to  coherent 
bolometers,  Josephson  junctions  or  superconductor-semiconductor  junctions,  even  though  these  contenders 
were  in  the  very  early  stages  of  development. 

The  first  report  of  Mott-barrier  mixer  operation  was  by  McColl  and  Milica  (1973)  at  a frequency  of 
110  GHz.  More  recently  Schneider,  linke  and  Cho  (1977)  reported  single  sideband  (SSB)  mixer  noise  tempera- 
tures of  200  K at  approximately  80  GHz.  The  results  obtained  by  Schneider  et  al.  stimulated  interest  not 
only  amongst  manufacturers  and  users  of  high-quality  Schottky-barrier  diodes,  but  indicated  that  some 
traditional  noise  generation  models  were  both  inaccurate  and  misleading.  The  results  repotted  confirm  not 
only  the  experimental  results  of  Schneider  et  al.,  but  also  the  validity  of  the  noise  models  ot  Held 
( 1977)  and  Keen  ( 1977).  In  particular,  further  reduction  in  mixer  temperature  appear  possible. 

Measurements 

The  mixer  is  shown  schematically  in  Figure  1 and  is  described  by  Haas  (1978).  The  mixer  was  preceded 
by  a feed-horn  and  tunable  directional  filter,  the  losses  of  which  at  300  K and  20  K were  carefully 
measured  at  signal  (115  GHz)  and  image  (107  GHz)  frequencies;  it  was  followed  by  a calibrated  test  recei- 
ver, similar  to  that  reported  by  Weinreb  and  Kerr  (1973).  The  mixer  output  was  matched  to  50  ohms  so  that 
only  small  residual  i.f.  mismatch-corrections  were  necessary.  The  doping-profile  of  the  diode  is  shown 
in  Figure  3 (b)  and  approximates  the  profile  of  a Mott-diode,  except  at  large  forward  bias;  hence  the 
designation  ’Mottky'-diode.  The  result  of  capacitance  measurements  are  shown  in  Figure  4. 

The  results  of  mixer  noise  temperature  measurements  are  shown  in  Table  1 together  with  other  operating 
parameters.  Oiode  parameters  are  shown  in  Table  2 with  conventional  Schottky  parameters  for  comparison.  It 
is  seen  that  the  cooled  'Mottky'-diode  requires  an  order  of  magnitude  less  l.o.  power  than  the  conven- 
tional Schottky-diode,  and  even  at  room  temperature  a significant  reduction  in  l.o.  power  is  evident.  The 
mixer  input  noise  temperature  for  the  cooled  'Mottky'-diode  is  60  per  cent  of  the  value  using  a conven- 
tional Schottky-diode,  whereas  at  room  temperature  tin  Schottky  diode  appears  to  be  somewhat  better. 

Discussion 

“TRe  Mottky-diode  performance  may  be  attributable  to  the  different  junction  form,  since  the  depletion 
layer  is  punched  through  to  the  highly-doped  "bulk  material  even  for  small  positive  bias  voltages.  It 
should  however  be  noted  that  three  other  important  factors  can  also  contribute  to  the  excellent  performan- 
ce; 

(a)  the  epi taxial - layer  (and  also  a 'buffer'-layer  - 10  microns  thick)  are  formed  by  molecular-beam 

epitaxy  (Schneider  1978);  ' 

(b)  the  high-field  regions  at  the  perimeter  of  the  Schottky  contact  are  rounded  off  by  anodising 

(Schneider  et  al,  1977); 

(c)  extreme  care  is  taken  to  avoid  interfacial  impurities  at  the  metal-semi -conductor  junction. 

The  capacitance  of  the  Mottky-diode  was  approximately  double  that  of  the  Schottky-diode  usually  used  at 
these  frequencies,  so  that  the  constant  capacitance  scarcely  appears  to  influence  the  diode  performance 
in  the  mixer  configuration  used.  More  ptjfbably  the  capacitance  variation  in  a Schottky  diode  masks  the 
noise  temperature  improvement  produced  by  the  pumped  barrier  resistance.  Since  low  conversion- loss  opera- 
tion occurs  at  much  lower  l.o.  power  levels,  it  is  also  possible  that  the  Mottky-diode  could  be  an  offi- 
cient  element  for  frequency  multiplication.  However,  this  depends  on  the  effect  of  the  constant  barrier 
capacitance  in  short-circuiting  the  higher  frequencies,  and  on  the  extent  to  which  the  non-linear  capaci- 
tance contributes  to  harmonic  generation. 


The  spreading  resistance,  as  measured  from  the  d.c.  characteristics,  increased  from  6 ohms  at  300  k 
to  13  ohms  at  20  h.  The  reasons  for  this  increase  are  not  clear,  but  a plausible  explanation  might  be  the 
reduction  of  displacement  current  in  the  bulk  GaAs  at  low  temperatures  due  to  reduced  mobility.  On  the 
other  hand  the  r.f.  conduction  currents  travel  over  the  surface  of  the  diode  (see  figure  5),  so  that  the 
r.f.  resistance  at  20  k may  not  be  correspondingly  increased.  Experiments  with  different  diode  forms  and 
sues  should  help  answer  these  guestions. 

It  is  unlikely  that  carrier  freeze-out  plays  a role  in  defining  noise  temperature,  since  the  ionisa- 
tion level  of  the  donors  (tin)  is  approximately  1 meV:  this  is  illustrated  in  Figure  b. 

Noise  Considerations 

Tlie  TTrYt  extensive  evaluation  of  Schottky-barrier  diode  mixers  at  room  temperature  and  cryogenic  tem- 
peratures was  reported  by  Weinreb  and  kerr  (1973),  and  represented  the  synthesis  of  the  work  of  many  pre- 
vious authors,  as  well  as  presenting  important  new  experimental  results.  In  particular,  the  advantage 
offered  by  cooling  the  diodes  to  15  k (a  reduction  factor  of  about  2 in  mixer  noise)  was  very  meagre  in 
view  of  the  technical  complications  required  in  cooling.  Viola  and  Mattauch  (1973)  measured  the  output 
noise  and  d.c.  characteristics  of  unpumped  Schottky-barrier  diodes  with  various  epitaxial  layer  doping 
concentrations  at  temperatures  between  4 k and  300  k,  and  showed  the  results  to  be  consistent  with  the 
thermionic-field  theory  of  Padovani  and  Stratton  (19bb).  Coincidentally  the  epi-layer  doping  concentra; 
tion  usually  used  for  millimeter-wave  Schottky-barrier  mixer  diodes  at  this  time  was  around  2 x 1017  cm"5, 
which  resulted  in  approximately  a factor  2.5  reduction  in  unpumped  diode  output  noise  as  ambient  tempera- 
ture was  reduced  from  300  k to  15  k.  The  near-equality  of  pumped  and  unpumped  output  noise  temperatures 
at  this  time  had  two  important  effects:  first,  it  appeared  to  verify  the  quasi-thermodynamic  equilibrium 
(QTDt)  noise  models  of  Saleh  (1971),  Nemlikher  and  Strukov  (1973),  and  others,  who  stipulated  a lower  out- 
put noise  limit  of  (l-2/L)-nT0/2  for  a pumped  Schottky-barrier  diode,  where  L - SSB  conversion  loss  in  a 
OSB  mixer;  second,  further  improvements  in  cooled  mixer  diode  performance  appeared  only  to  be  attainable 
by  reducing  diode  ideality  factor  (n)  at  low  temperatures . 

Dragone  ( 1968)  had  warned  that  "...  T is  not,  in  general,  a function  of  the  diode  characteristics 
alone.  In  fact  it  depends  on  the  particular  characteristics  of  the  network  N',  in  which  the  diode  is  im- 
bedded and  on  the  value  of  the  frequency  W,  at  which  T is  defined  unless  T(t)  is  constant".  Held  (1977) 
followed  the  warning  of  Dragone,  and  developed  a very  complete  theory  for  the  noise  from  a pumped  Schottky- 
barrier  mixer,  although  values  of  output  mixer  noise  temperature  »(l-2/L)*nT0/2  were  only  implicit  in  his 
model,  keen  (1977)  developed  a somewhat  simpler  model,  which  demonstrated  explicitly  that  such  low  out- 
put noise  temperatures  were  possible,  due  to  the  interaction  of  the  coherent  components  of  diode  shot 
noise  across  a pumped  non-linear  resistance  alone:  these  results  appeared  to  be  verified  experimentally 
on  Schottky-barrier  diodes,  although  the  purely  resistive  model  could  only  be  rigorously  applicable  to  a 
Schottky-barrier  diode  with  constant  capacity  (i.e.  a Mott-diode).  The  results  reported  here,  and  those  of 
Schneider  et  al.  appear  to  confirm  the  predictions  of  keen's  purely  resistive  diode-model , even  to  the 
extent  of  a noise-minimum  at  a local  oscillator  power  of  approximately  200  qVI.  Comparisons  between  experi- 
ment and  the  lossy-multiport  model  for  a mixer  (e.g.  kerr,  1978)  indicate  that  the  latter  model  cannot  ex- 
plain experimental  results  (see  Table  3):  at  room  temperature  T2  approaches  nT0/2,  whereas  at  cryogenic 
temperatures  T^  has  values  between  0.7  and  1.4  times  ( l-2/L)*nTo/2. 

There  appears  to  be  no  obvious  explanation  for  the  considerable  improvement  of  the  Mottky-diode,  com- 
pared to  the  conventional  Schottky.  One  possibility  is  that  hot-electron  noise  in  the  epitaxial  layer 
(where  the  highest  fields  occur)  cannot  be  adequately  coupled  into  the  diode,  since  the  mean  free  path 
for  impurity-  and  phonon-scattering  at  cryogenic  temperatures  is  probably  considerably  longer  than  the 
thickness  of  the  epitaxial  layer.  In  addition  the  complete  depletion  of  the  epi-layer  during  almost  the 
entire  local-osci 1 lator  cycle  could  reduce  high  displacement  currents  in  the  epi-layer.  Jaeger  and  kassing 
(1977)  have  pointed  out  that  the  thermionic-field  emission  of  Padovani  and  Stratton  (19bb)  appears  to 
break-down  at  low  temperatures,  and  argue  convincingly  for  the  more  complete  theory  of  Pellegrini  (1974). 
Unfortunately  it  is  difficult  to  apply  Pellegrini's  complex  theory  directly  to  the  problem  of  noise  in  a 
pumped  Schottky-(or  Mottky)  diode:  it  appears  that  the  next  steps  are  up  to  the  experimentalists! 

Conclusions 

FarTy  noise  models  and  experiments  on  conventional  Schottky-diodes  at  millimeter-wavelengths  indicated 
that  little  improvement  in  noise  temperatures  of  resistive  mixers  could  be  expected.  The  performance  of  the 
Mottky-diode  indicates  the  contrary,  which  could  give  new  impulses  to  diode  and  mixer  development.  In  par- 
ticular the  low  local  oscillator  power  requirement  could  permit  the  use  of  al 1 -sol  id-state  local  oscilla- 
tors to  frequencies  as  high  as  300  GHz.  Some  predictions  of  SSB  system  noise  temperature  improvements 
around  115  GHz  are  shown  in  Figure  7,  for  cryogenical ly  cooled  receivers. 

The  implications  for  noise-models  should  also  not  be  overlooked,  since  the  "resistive  attenuator" 
model  is  severly  perturbed  by  the  experimental  data  on  Mottky-diodes. 
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Table  2 


SCHOTTKY 


MOTTKY 


Diode  Site 
Epi-Thickness 
Epi -Doping 
Rs  (at  300  K) 


n (at  295  K 
)at  20  K 


2.5  micron  diam. 
3000  8 

2 x tO17  cm'-3 
8 ohm 
8 fF 
1.07 
9.0 


5x1.3  micron  (''bathtub") 
700  8 

3 x 1016  cm'3 
6 ohm 
16  fF 

1.07 

9.7 


Chip  Site 
Epi-Oopant 
VB  (10m  A) 


0.25  x 0.25  x 0.1  m 
Sulphur 
■v8  Volt 


0.25  x 0.25  x 0.1  mm 
Tin 

10  Volt  (12  Volt  before  anodi- 
sing, but  cutoff  less  abrupt) 
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Figure  3 Doping  profiles  of  Schottky-  and  Mottky-diodes 
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Figure  7 Predicted  improvement  in  a cooled  resistive-mixer  system  performance  at  around  lib  IIH: 
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measurements  of  avalanche  noise  from  2 5 pm  Schottkv  dind  r °^eyer’  and  cou,d  he  pumped  into  breakdown 
h Pulses  of  avalanche  noise.  " y dl°deS  (,n  °Ur  labs)  show  that  high  l-o.  power  could  result 
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Why  is  the  temperature  dependence  different  from  the  usual  Schottky  diodes. 
Author’s  Reply 

( 1 ) The  diode  is  in  punchthrough. 

(2)  the  speading  resistance  is  smaller  because  the  diode  is  very  thin. 


1 7-1 


ADVANCES  IK  GaAs  SCHOTTKY  DIODE  SUBMILL1ME TE R HFT ERODVNK 
RECEIVERS  AND  RADIOMETERS' 


P.  E.  TannenwaUI 

Lincoln  Laboratory,  Massachusetts  Institute  (>f  Technology 
Lexington,  Massachusetts  02  173 

SUMMARY 

Radiometric  sensitivity  measurements  have  been  made  on  a quasi-optica  I receiver  in  the  spectral  ranee  170  urn  to 
I mm.  Using  OaAs  Schottky  mixer  diodes  in  a corner  reflector  configuration,  a total  system  noise  temperature  of 
9,  700  K (DSB),  or  an  NEr  of  1.3  s IO"'^W/Hz,  has  been  obtained  at  447  urn.  This  same  quasi -optical  mixer  has  also 
been  used  for  the  generation  of  tunable  harmonic  and  side-hand  radiation  suitable  for  submillimeter  spectroscopic 
applications.  Planar,  surface-oriented  GaAs  Schottky  diodes  have  been  fabricated  by  means  of  photolithographic  tech- 
niques in  conjunction  with  ion  implantation  and  proton  bomhardment.  Iligh-order  harmonic  mixing  and  direct  hetero 
dyne  mixing  with  lasers  up  to  761  GHz  have  been  achieved.  These  planar  diodes  can  lx-  fabricated  into  array  config- 
urations by  means  of  an  integrated  circuit  approach. 

1.  INTRODUCTION 

Recent  developments  in  radio  astronomy,  plasma  physics,  frequency  standards  and  spectroscopy,  atmospheric  propa- 
gation. acronomy,  and  in  high-altitude  aircraft  and  satellite-based  surveillance  have  created  a need  for  fast,  sensitive 
far  infrared  detectors.  Several  groups  have  been  studying  the  use  of  GaAs  Schottkv  diode  heterodyne  receivers  using 
either  conventional  waveguide  (MC  COLL,  M. , 1977)  or  quasi -optical  approaches  (OU1STINCIC,  I.  J.  . 1477).  In 
general,  the  performance  levels  that  have  been  achieved  at  frequencies  above  ,100  GHz  have  not  Ixvn  comparable  with 
those  obtained  at  millimeter  wavelengths.  We  report  here  the  results  of  radiometric  determinations  of  noise  equiva- 
lent powers  of  a new  quasi-optical  system  in  the  wavelength  range  of  1 mm  to  170  um.  At  a frequency  of  6~l  GHz 
(447  um)  the  highest  sensitivity  reported  to  date  has  been  obtained  (FETTER MAN.  II.  R.,  l477)--namely.  an  NEP  of 
1.1  x 10'1',W/Hz.  or  an  equivalent  system  noise  temperature  of  9,  700<’K  (DSB).  The  quasi-optical  Sc  hot  tk\  diode 
mixer  that  was  used  in  the  heterodyne  receiver  has  also  been  used  to  produce  far  IR  laser  sideband  radiation  of  Mil"7 
waffs  tunable  over  IS  GHz,  and  to  harmonically  generate  tunable  submillimeter  radiation  up  to  760  GHz.  Application 
of  this  tunable  source  to  spectroscopic  problems  has  been  demonstrated.  These  developments  open  up  new  possibilities 
for  far  infrared  ahd  submillimeter  experiments  which  require  extremely  high  sensitivities. 

During  the  past  year  we  have  also  developed  the  next  generation  of  submillimeter  detectors --planar,  surface-oriented 
GaAs  Schottky  diodes  fabricated  by  photolithographic  techniques  in  conjunction  with  ion  implantation  and  proton  bom- 
bardment. In  contrast  to  point -contact  whisker  diodes,  here  both  terminals  of  die  rectifying  junction  lie  on  the  same 
surface  of  the  GaAs  wafer.  This  single-sided  geometry  lends  itself  naturally  to  an  integrated  circuit  approach  with  the 
connection  of  matched  striplinc  antennas  and  11-  filter  networks.  These  planar  diodes  have  been  successfully  used  as 
heterodyne  mixers  up  to  779  GHz.  including  high-resolution  detection  of  pulsed  far  IR  radiation. 

2.  RADIOMETER  /RECEIVER  SYSTEM 

The  experimental  system  used  in  these  measurements  is  essentially  a Dicke  type  radiometer  which  mixes  a laser  local 
oscillator  (LO)  with  radiation  from  a black  body  whose  radiated  power  is  solely  a function  of  its  temperature.  Illustra- 
ted in  Fig.  1,  thesystem  consists  primarily  of  the  following  components:  1)  corner-reflector  diode  mount.  21  ellip- 
soidal coupling  mirror,  1)  a quasi-optical  diplexcr,  41  laser  local  oscillator  and  5)  low  temperature  absorber.  Die 
GaAs  Schottky  diode  mounted  in  the  corner  reflector  was  developed  especially  for  high  frequence  applications  and  has 
been  discussed  elsewhere  (CLIFTON,  B.  J. , 1977).  The  diodes  are  typically  1 um  in  diameter,  have  1.5  x 10*  Lip- 
capacitance  and  a series  resistance  of  45  0. 

A quasi-optical  approach  for  the  mixer  was  adopted  because  of  the  physical  difficulties  of  embedding  a diode  in  a 
fundamental  waveguide  at  these  frequencies.  The  approach  taken,  first  proposed  for  die  submillimeter  In  Sauter  and 
Schultz  (SAITER,  E.,  1977),  uses  a long- -typically  four  wavelengths- -traveling  wave-line  source  set  in  a corner- 
reflector.  The  line  source  is  an  extended  "whisker''  point-contacted  to  the  Schottky  diode.  Impedance  anil  radiation 
characterisitics  are  determined  by  the  length  of  the  line  source,  the  corner  angle,  and  the  separation  between  line 
source  and  corner. 

In  order  to  optimize  a corner  reflector  mount  we  have  carried  out  10(1  times  scale  modeling  experiments  at  6 to  S GHz. 
One  design,  similar  to  KrSutle  (KRAUTLE,  H. . 1977),  which  looked  promising  for  actual  submillimeter  construction, 
is  a 90°  corner  cube  (i.  e. , 90°  corner  reflector  with  a ground  plane)  with  a 4 X antenna  length  spaced  1 . 2 X from  the 
corner.  The  beam  pattern  obtained  from  the  modeling  is  shown  in  Fig.  2.  The  principal  lobe  is  seen  to  lx-  at  an 
angle  of  25‘'  to  the  antenna,  and  has  a roughly  circular  cross-section  of  beam  width  14-'  x IS*  (full  width  at  1 dll  points). 

The  local  oscillator  and  a corresponding  mode  from  the  black  Indy  (Eccosorb  AN-72)  at  liquid  nitrogen  temperature 
were  coupled  to  the  mixer  utilizing  a diplexcr.  Tills  diplexcr  was  essentially  a folded,  double  interferometer,  similar 
in  principle  to  that  used  by  NRAO  (GOLDSMITH,  P.  F. , 1977)  and  Erickson  (ERICKSON,  N.  R.,  1977),  but  made 
specifically  for  the  0.4  or  0.9  mm  wavelength  region.  The  beam  splitters  are  3 mil  mylar  stretched  over  machined 
reflector  mounts  and  gave  roughly  SO'T-  transmission.  An  extremely  short  focal  length,  right  angle,  ellipsoidal  mirror 
was  used  to  match  the  transmitted  signal  and  LO  to  the  antenna  pattern  of  the  diode.  With  this  system  virtually  all  of 
the  signal  and  better  than  90ir  of  the  LO  were  transmitted  to  the  detector. 

The  local  oscillators  consisted  of  optically  pumped  far  infrared  lasers  for  the  submillimeter  and  a carcinotron  for 
1 mm.  The  laser  LO  was  pumped  by  a free-running,  stable  OO2  laser  of  about  50  W and  had  an  output  power  of  about 
10  mlV.  This  was  found  sufficient  to  saturate  tile  mixer  diode  at  all  but  the  170  uni  line.  The  identity  of  each  LO  line 
was  unambiguously  determined  by  using  the  diplexcr  as  an  interferometer:  timing  through  approximately  10  interference 
maxima  allowed  a wavelength  measurement  to  0.  5'T  accuracy. 


•This  work  was  supported  by  the  Department  of  the  Air  Force,  the  U.S.  Army  Research  Office,  the  National  Science 
Foundation,  and  the  Department  of  Energy. 
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The  results  of  our  measurements  are  summarized  in  Table  1.  Two  separate  corner  reflectors  were  used  to  cover  the 
wavelengths  listed  - one  designed  for  400  um  and  a second  one  for  0.9  mm.  For  170  un>  neither  the  diode  mount  nor 
the  diplexer  was  optimized,  hut  a result  is  quoted  to  show  that  a black  body  heterodyne  measurement  was  possible. 

The  rectified  IF  signal  was  read  on  a digital  voltmeter,  and  the  difference  in  voltages  between  the  hot  (room  tempera- 
ture absorber  or  chopper!  and  cold  absorber  was  synchronously  detected.  The  amplifier  had  a measured  noise  tem- 
perature of  245  K (2.0  dll).  A standard  Y-mefhod  interpretation  of  the  data  then  yielded  the  results  shown  in  die  table. 

The  conversion  loss  was  both  calculated  from  the  expression  Tsvs  = TnljXl,r  t LcTjp  and  measured  directly  by  chang 
ing  the  temperature  of  the  IF  input  resistor  and  comparing  this  with  the  signal  produced  by  a known  AT  applied  to  the 
optical  input  of  the  radiometer.  In  general  the  diode  noise  temperature  was  near  room  temperature,  and  die  1.0  added 
approximately  100  K excess  noise.  The  diode  noise  temperatures  were  measured  with  an  isolator  inserted  between 
the  diode  and  the  IF  amplifiers  to  reduce  the  effects  of  changing  impedances.  Total  system  noise  temperatures  were 
measured  without  the  isolator  and  are  listed  in  the  third  column.  The  best  values  obtained  are  given,  but  variations 
from  diode  to  diode  and  mount  to  mount  were  typically  only  about  KMX)  K. 

Table  I 


\ 

(um) 

Frequency 

(GHz) 

Total  Systems 
Noise  Temp. 
(DSB)  (K) 

Mixer 
Temp.  (K) 

Conversion 
Loss  (dR) 

887. 0 

338.  2 

8,200 

4,000 

9.3 

447.  I 

670. 5 

9,  700 

5,  900 

11.6 

432.6 

692.9 

13,  100 

6,  900 

11.9 

419.6 

716.2 

13,000 

6,  800 

11.9 

393.6 

761.6 

14,500 

7,600 

12.3 

170.6 

1757.5 

370,  000* 

-- 

-- 

'Diplexer  not  working  at  this  wavelength 


4.  PLANAR,  SURFACE-ORIENTED  DIODES 

Although  the  coupling  of  submillimeter  radiation  to  a single  Schottky  mixer  diode  has  been  successfully  solved  with  the 
quasi-optical  approach  of  using  a corner  reflector,  the  discrete  nature  of  the  whisker  contacting  the  diode  chip  pre- 
cludes fabrication  of  arrays  of  detectors  integrated  directly  into  circuits.  The  objective  of  this  phase  of  the  work  is  to 
overcome  this  limitation  by  fabricating  small,  planar,  surface-oriented  Schottky  diodes  in  which  both  terminals  of  the 
rectifying  junction  lie  on  the  same  surface  of  the  OaAs  wafer.  This  single-sided  geometry  lends  itself  naturally  to  an 
integrated  circuit  approach  with  the  connection  of  matched  stripline  antennas  and  IF  filter  networks.  In  addition,  the 
contacting  of  small  devices  becomes  more  feasible.  Although  devices  with  this  topography  have  been  fabricated  pre- 
viously (ALLEN,  R.  P.  C..,  1973;  BALLAMY,  \V.  C. , 1976;  WOOD,  E.  J. , 19761,  they  have  her  etofore  been  restricted 
to  frequencies  below  100  GHz  primarily  because  their  relatively  large  device  areas  have  led  to  higher  capacitance  and 
lower  cutoff  frequencies.  Diodes  with  diameters  as  small  as  2 um  have  been  fabricated  in  our  effort,  permitting 
operation  at  submillimeter  wavelengths  for  the  first  time  (MURPHY,  R.  A.,  1977). 

4.  1.  Device  Construction 

The  geometry  of  the  device  is  shown  in  Fig.  3.  To  fabricate  this  structure,  two  layers  of  GaAs  are  epitaxially  grown 
on  semi -insulating  substrates  in  a hydrogen  transport  AsClq  vapor  phase  system.  The  first  layer  (n+)  is  3 um  thick  and 
has  an  n-type  concentration  of  1 x I0,scm  . The  top  layer  (n)  is  0.2  um  thick  and  has  a concentration  of  1-2  x 10l7cm"•,. 
Sulfur  (H2S)  is  used  to  dope  both  layers.  Selective  Se+  ion  implantation  is  then  used  to  decrease  the  specific  resistance 
of  the  Au-Ge  alloyed  ohmic  contact.  After  the  formation  of  the  ohmic  contact,  the  diode  and  ohmic  contact  areas  are 
shielded  by  gold,  and  the  wafer  is  proton  bombarded,  converting  the  n-  and  n * -layers  to  high  resistivity  material  in  the 
bombarded  regions.  The  e-beam  deposited  Ti /GaAs  Schottky  barrier  is  approximately  2 um  in  diameter.  Each  device 
is  contacted  by  means  of  a stripline  overlay  pattern.  A photograph  showing  an  array  of  these  devices  on  a completed 
wafer  is  shown  in  Fig.  4. 

The  forward  current-voltage  (I-V)  characteristic  of  a typical  device  is  quite  similar  to  those  of  whisker  contact  Pt/GaAs 
diodes,  with  the  knee  of  the  nonlinear  region  occurring  at  approximately  0. 7V,  The  n-factors  of  these  devices  (describ- 
ing the  deviation  from  ideal  Schottky -barrier  behavior)  range  from  1.2  to  1.5. 

4.  2.  Submillimeter  Measurements 

Figure  5 shows  a device  to  which  a planar  radiating  structure  has  been  attached.  The  metal  pattern  was  designed  as  a 
half-wavelength  dipole  at  around  0.9  mm  wavelength.  The  measured  radiation  pattern  shows  complex  lolx-  structures 
apparently  because  of  interference  from  other  radiating  elements.  A typical  radiation  pattern  obtained  at  348  GHz  is 
shown  in  Fig.  6.  Our  measurements  indicate  that  modes  are  excited  in  the  GaAs  substrate,  with  the  result  that  the 
whole  GaAs  slab  acted  as  a radiating  element.  Even  though  some  of  the  lobes  are  quite  narrow,  it  is  desirable  to  work 
with  simpler  and  more  controllable  structures.  Consequently  we  have  begun  to  make  measurements  upon  scale  models 
of  slot  and  coplanar  antennas.  One  such  design  which  has  been  modeled  is  shown  in  Fig.  7.  The  measurements  have 
indicated  that  energy  can  he  coupled  quite  efficient  to  the  nonlinear  junction  with  these  radiating  structures.  Submil- 
limeter devices  using  such  structures  will  lx-  fabricated.  Other  antenna  configurations  are  also  under  consideration. 

Although  no  accurate  quantitative  measurements  of  die  sensitivity  of  these  devices  have  Ix  en  made,  they  have  heen  success- 
fully used  as  detectors  and  mixers  well  into  the  submillimeter  wavelength  regime.  It  has  become  apparent  in  hetero 
dyning  with  pulsed  laser  sources  that  in  electrically  noisy  environments  planar  diodes  show  better  survival  and  noise 
suppression  characterisitics  than  conventional  whisker -contacted  diodes  and  in  addition  display  remarkable  physical 
ruggedness.  High-order  harmonic  mixing  has  been  obtained  by  coupling  a 9.2879  GHz  signal,  introduced  into  the  IF 
line,  and  a 862.  196  GHz  (393.6  um)  laser  line  of  formic  acid  to  a planar  device.  The  IF  response  corresponded  to 


mixing  of  tlx*  82m!  harmonic  of  tin*  X-Unul  signal  with  tlu*  laser  am!  had  a slgnal-to-noisc  ratio  of  better  titan  .'IS  dll. 

This  same  system  of  harmonic  mixing  has  Ivon  used  to  phase-lock  our  I mm  carcinotron  and  is  used  routinely  for 
that  purpose. 

4.3.  Diode  and  Antenna  Arrays 

Because  of  their  topography,  these  dhxlcs  can  lx*  fabricated  in  large  uumlx*rs  on  a single  wafer  and  thus  provide  the 
unique  possibilities  of  array  detection  and  submillimeter  imaging.  We  plan  to  develop  planar  imaging  arrays  composed 
of  planar  antennas,  surface -oriented  mixer  diodes,  and  low-noise  ITT  amplifiers,  all  integrated  on  a single  chip. 

Meant  steering  is  also  possible  using  pltnsed -array  teehttitiues. 

5.  APPLICATIONS  IX)  TUNAHLK  SUbMlLUMI TKR  SrF.GTROStXiPY 

5.  I,  Spectroscopy  with  a black  body 

Our  current  results  suggest  some  immediate  applications  of  this  technology  to  far  IK  spectroscopy,  and  we  have  in 
vestigated  a numlxr  of  those.  In  one  such  experiment,  not  described  in  detail  here,  we  have  mixed  the  pulsed  output 
of  a 1^0  laser  operating  at  .'18S  gnt  (778,  870  MHz)  with  the  cw  output  of  a 344  pm  (741,007  MHz)  formic  acid  laser  in  a 
Sehottky  diode  mixer.  Hte  lb  was  at  17  GHz.  In  another  experiment  we  have  mixed  two  rotational  cw  lines  of  a formic 
acid  laser  at  343.0  and  405.0  gin;  the  resultant  ll  at  22.45  GHz  was  heterodyned  again  with  the  secoiul  harmonic  of  an 
X-IxiikI  source  fed  into  the  11-  port  of  the  diode.  ’Die so  experiments  demonstrate  the  wide-hand  capabilities  of  the  mix- 
er. We  can  thus  expect  to  carry  out  tunable  high-resolution  spectroscopic  measurements  against  a black  lxxly  in  the 
laboratory,  as  well  as  in  a numlx'r  of  terrestrial  and  space  applications  using  the  sun  as  a remote  source. 

5.  2.  Generation  of  Tunable  l'ar  Infrared  Radiation 

\ 

Concurrent  with  the  heterodyne  detector  effort  in  the  far  infrared/submillimeter  region  wb  art1  seeking  sources  of 
tunable  radiation  for  applications  to  s|xvtroscopv,  to  frequency  standards  and  to  remote  sensing.  I'he  GaAs  Sehottky 
diode  mixer  which  we  have  developed  for  our  sensitive  receiver  and  radiometer  can  be  used  as  a source  of  tunable 
laser-sideband  radiation  and  high-order  microwave  harmonics.  Since  the  corner  reflector  configuration  acts  as  an 
efficient  receiver  of  radiation,  it  will  act  reciprocally  as  an  efficient  radiator.  1'he  resistive  nonlinearity  of  the  dnxle 
provides  the  mixing  and  harmonic  generation  mechanism. 

In  our  initial  experiments,  radiated  sideUmds  of  a Cllql  submillimeter  laser  line  at  447  gin  were  generated  and 
i!e  tec  tod  using  two  corner  reflector  diode  mixers.  One  diixle  mixer  was  simultaneously  illuminated  by  the  far  infrared 
laser  and  fed  coaxially  by  microwave  sources  ranging  from  2.  5 to  18  GHz.  A second  diixle  mixer  was  then  used  as  a 
high  sensitivity  heterodyne  receiver  to  detect  tlu*  radiated  sidebands  of  the  laser  signal.  Signals  of  about  10“'  watts, 
continuously  tunable  over  0.5  cm"1,  were  observed.  Kxtonding  this  approach  further,  we  investigated  the  use  of 
those  diode  mixers  as  high-order  harmonic  signal  generators.  11k*  experimental  arrangement  is  shown  in  big.  8,  with 
the  microwave  radiation  between  l ' and  37  Gil?  introduced  via  the  lb’  connector  line  to  the  diode.  Radiation  generated 
as  high  as  the  40th  harmonic  was  then  defla  ted  by  a second  diixle  mixer  in  our  standard  heterodyne  receiver  configura- 
tion. In  one  particular  ease,  a 37  GHz  GaAs  Gunn  oscillator  was  used  to  generate  701  GHz.  lids  solid  state  source 
coupled  with  the  rugged  harmonic  mixer  provided  a compact,  stable,  tunable  source  of  about  5 x 10  H\V  in  the  suh- 
mllllmetcr.  because  of  the  sensitivity  of  our  heterodyne  receiver,  the  observed  S 'N  exceeded  85  db  on  a spectrum 
analyzer  having  a 100  kHz  bandwidth. 

High  resolution  far  infrared  spectroscopic  studies  using  both  those  source  detector  systems  arc  now  underway.  As  a 
first  demonstration,  an  absorption  cell  containing  D>0  gas  at  low  pressure  was  placed  in  one  arm  of  the  sjxctromctor, 
as  shown  in  big.  8.  .85,7  Gil/  radiation  from  a microwave  source  was  used  to  drive  the  mixer  diixle,  and  the  1 7th 
harmonic  generated  (007.345  GHz),  after  passing  through  the  absorption  cell,  was  detected  by  the  heterodyne  receiver. 
I'he  1,0  was  supplied  by  an  optically-pumped  Glb^F  laser  operating  at  004.245  GHz,  giving  an  lb'  around  3 GHz.  Tuning 
through  the  lb>o  absorption  line  was  accomplished  by  tuning  the  microwave  source.  Figure  4 shows  the  far  infrared 
output  with  and  without  the  gas.  because  of  residual  pressure  from  condensed  liquid  in  the  absorption  cell,  the  line 
width  could  not  lx*  reduced  below  the  20  MHz  shown.  Hu*  resolution  of  the  spectrometer  is  about  100  kHz,  being 
presently  limited  by  the  stability  of  tlu*  laser  local  oscillator.  Hu*  design  resolution  of  this  system  is  10  kll/  (3  \ 10“ 
em“*)  with  continuous  tuuability  of  - l rm*l, 

Mils  preliminary  work  will  now  lx*  continued  with  other  gases  that  have  absorptions  near  strong  laser  I A'  lines,  and 
will  lx*  applied  particularly  to  atomic  fine  structure  resonance  lines  that  have  extremely  narrow  and  stable  transitions 
which  can  lx*  used  as  references  for  far  infrared  frequency  standards. 
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BEAM 


Hfr.  I Quasl-optieal  submillimeter  receiver /radiometer  operating  between  17(1  mu  and  I mm. 


DIRECTION 
OF  MAXIMUM 


Comparison  of  flieorefleal  calculations  with  experimental  data  medele<l  at  ' Cll.*  of  corner -reflector 
antenna  pattern. 
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SUMMARY 


The  millimeter  wave  portion  of  the  spectrum  is  becoming  increasingly  more  important 
for  many  different  applications  such  as  short  ranqe  telecommunications,  high  re- 
solution radars  and  radiometry,  etc.  At  shorter  millimeter  waves  local  oscilla- 
tors for  mixers  in  receivers  are  expensive  and  difficult  to  operate.  The  subharm- 
onically  pumped  mixer  is  an  attractive  technique  useable  into  the  submillimeter 
region.  Subharmonic  mixers  operate  with  local  oscillators  at  a submultiple  of 
the  signal  frequency  and  provide  AM-noise  suppression  of  the  local  oscillator. 


1.  INTRODUCTION 

Low-noise  millimeter-wave  receivers  are  becoming  increasingly  more  important  in 
many  different  areas,  such  as  radio-astronomy,  remote  sensing,  telecommunications, 
radars  and  plasma  diagnostics.  At  millimeter-wave  lengths  Schottky-barrier  mixers 
(down-converters)  are  the  most  frequently  used  receiver  front  ends  with  inter- 
mediate frequencies  in  the  1 to  10  GHz  region.  Receivers  usinq  masers,  parametric 
amplifiers  and  others  have  been  tested  at  various  frequencies  in  the  millimeter 
wave  region,  but  are  still  in  a very  preliminary  stage  of  development . 

Most  mm-wave  mixers  operate  with  a local  oscillator  (pump  oscillator)  frequency  u> 
which  is  separated  from  the  signal  frequency  u>  by  the  intermediate  frequency  u)TC,? 

S 1 r 

“p  = "s  - "IF- 

At  frequencies  below  200  GHz  such  a mixer  can  easily  be  operated  because  reliable 
and  not  too  expensive  oscillators  are  available.  For  frequencies  above  200  GHz 
oscillators  become  very  expensive  and  difficult  to  operate  requiring  large  high- 
voltage  power  supplies  and  liquid  cooling,  such  as  carcinotrons  or  extended  inter- 
action oscillators  (EIO) . To  avoid  this  complication  one  can  use  harmonic  mixing, 
by  using  the  mixer  diode  for  harmonic  generation. 

n-u)  = u)  i n = 2,  3,  ..... 

p S ~ IF  ,,.... 

However,  these  mixers  tend  to  show  larger  mixer  noise  temperature  due  to  the 
high  pump  power  required  and  typically  show  conversion  losses, in  the  case  of  the 
second  order  mixer  (n=2),  approximately  4 dB  larger  than  for  non-harmonic  mixing. 
The  reason  for  the  higher  conversion  loss  is  fundamental  mixing.  This  inter- 
mediate frequency  is  close  to  the  local  oscillator  frequency  and  therefore  diffi- 
cult to  suppress. 


2.  THE  SUBHARMONICALLY  PUMPED  MIXER 

In  the  subharmonically  pumped  mixer  two  diodes  are  mounted  with  opposite 
polarity.  Figure  1 shows  the  I-V  characteristics  for  such  a diode  pair.  The 
theory  of  the  subharmonically  pumped  mixers  (for  details  see  [l])  requires  the 
frequency  relation 


n*w  = m*u> 

P s 


IF  * 


n+m  = odd 


therefore  fundamental  mixing  (n=m=l)  cannot  exist.  The  lowest  operating  frequency 
is  n=2,  m=l.  These  mixers  have  been  realized  at  frequencies  up  to  230  GHz.  All 
these  mixers  have  been  built  using  suspended  strip  lines  with  appropriate  filter- 
structures  between  signal,  local  oscillator  and  intermediate  frequency  ports. 

For  optimizing  the  circuits,  linearly  scaled  models  at  lower  frequencies  are 
used.  Fig. 2a  shows  the  10/5  GHz  model  of  a 230/115  GHz  mixer  shown  in  Fig. 2b. 
Fig. 3 shows  a SEM-picture  of  a contacted  230  GHz  mixer  diode  mounted  on  a sus- 
pended quartz  strip.  Results  of  different  subharmonic  mixers  are  summarized 
in  Table  1. 
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TABLE  1 

Performance  of  subharmonically  pumped  mixers 


Signal 

Frequency 

Ota 

Pimp 

Frequency 

Ulz 

Conversion 

Loss 

dB 

Mixer 

Noise 

10mp. 

k 

3.4  *) 

1.7 

3.2 

- 

3.4  *) 

0.85 

6.6 

- 

10  *) 

5 

6 

- 

18 

9 

- 

- 

50 

25 

3.3 

- 

98 

49 

8.0 

16a) 

98 

49 

7.4 

390 

(230 

115 

8.9 

22a)) 

(230 

115 

12 

3500) 

*)  scaled  models 


Garments 


Beam  Lead  Diodes  Western  Electric  197  A 

Beam  Lead  Diodes  Airtecti  A-2J744 
(Capacitance  of  Diodes  scaled  from  230  tliz) 

t'sed  in  Commercial  Telefon  links. 

Western  Electric 

Beam  Lead  Diodes  AEI  1308 

Beam  Lead  Diodes  AEI  1308 

"Notch-Front " Diodes  [2] 

"Notch-Front"  Diodes,  preliminary  results  [3]) 
"Notch-Front " Diodes,  preliminary  results  [4]) 


3.  CONCLUSIONS 

Subharmonica lly  pumped  mixers  appear  very  attractive  for  the  short  millimeter  and  sub- 
millimeter wave  region.  The  best  results  obtained  with  this  type  of  receiver  are 
comparable  with  conventional  single  ended  diode  mixers.  The  advantages  of  subharmoni- 
cally  pumped  mixers  are: 

“ Local  oscillator  at  a submultiple  of  the  signal  frequency; 

- AM-noise  suppression  of  local  oscillator) 

- Large  local  oscillator  to  signal  port  isolation; 

- Simple  signal  port  design,  no  need  for  local  oscillator  injection. 
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l-V  characteristics  of  diode  pair 


10/5  GHz  model  of  subharmonically  pumped  mixer. 

The  diodes  are  mounted  with  opposite  polarity  across  a gap  in  the 
strip  line  at  position  A . 


230/115  GHz  mixer 

with  integral  horn  antenna 
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ABSTRACT 


SUBMM  :;VUh,,"n,mC,nC  (SUBMM>  deViCeS' ,asers  and  mixers- ,he  classieal  microwave  techniquesmay  be  extended  up  to  the 

ou.nu.  r,lla,°r  ,0  **  ,he  0p,ica,ly  pumped  F,R  laser  •««*  of  the  high  number  of  active  lines 

output  power  and  frequency  stability.  For  the  last  one.  values  as  low  as  o (r)  = 2 x Kr'V1/2  for  r *£  ->n  , a 

vaiiiA  « ^ . y / * a iu  t iof  t -U  ms  and  a minimum 

easured  value  oy(  100  ms)  - . x 10  - have  been  obtained  for  the  CH3OH  pumped  laser  (70.5  /im). 

IS  ■ho.r.rv'T  aah'8h, IF  bandw,dth'.hl*h  multiplication  order  and  high  frequency  operation,  the  classical  mixers  used  in  microwaves 

jLJzjzzzzzzsr  *** w “““ ,o  *•  submm  “ - - “ "" * «<*-•  *-»  ■>'«» 

Stnce  an  analysis  of  the  optical  wave  propagation  in  the  atmosphere  for  inclement  weather  operation  hasshown  the  useful 

"*■'  * subm“  a „ 


1 - THE  OPTICALLY  PUMPED  FIR  LASER 


a)  Introduction. 

Since  the  discovery  in  1964  of  the  first  molecular  discharge  laser,  the  H^O  lasing  at  28.  78.  79  and  1 18  pm  (Crocker  A et  al 

1964).  others  submillimetnc  (SUBMM)  discharge  lasers  such  as  the  HCN,  H,S.  SO,  and  OCS  were  built  within  six  years. 

more  thal".  'oM  ^7  “t  ""S”  ta  ^ by  °p,ical  pUmpin«  with  a C0^  in  the  las,  years, 

polar  gases.  ' reP°r'ed  * 'he  " 2 mm  <Ya™"aka'  M-  tha,  produce  laser  activity  in  about  44 

The  generation  of  FIR  radiation  arises  from  rotational  transitions  in  an  excited  vibrational  state  of  a low  pressure  polar  gas 
and  population  tnverston  ,s  achieved  through  selective  pumping  involving  the  near-resonant  absorption  of  radiation  from  a strong  infra- 
d PUmp  'aser  SUch  as  C°2  *">.ch  has  about  100  lines  around  9.6  - and  10.4-pm  (for  the  '2C*0,  molecule).  The  Co  ’laser  ’ a suna 
them^'imJoTT  many  molecules  have  strong  vibrational- rotational  absorption  lines  in  the  9 - 10  pm  region  One  of 

umbe  o p 7“  “ ^ me,hy‘  ak°h°1  (CH3°H)’  ^ ?°  lines  37  and  I 2.7  pm  (Hodges.  D.  T.M977).  The 

would  be  furth  '"T8  aTf  m^reaSed  by  ex,endlnB  the  Pump  frequency  range  to  the  CO,  sequence  lines, Weiss.  C.O.et  al.  1977)  which 

would  be  further  extended  to  the  complete  9 - 12  pm  CO,  region  using  rare  isotopes  (Fre'ed.  C.  e,  al.  1974). 

b)  Resonator  and  coupling. 

„ . . more  common  F1R  pumped  laser  uses  a waveglljde  resonator  constructed  from  ho||ow  c yljndrica,  dielectric  or  ^ 

'ub'  °rder,°  reduce  the  diffmction  losses  (Marcatili.  E.  A.J.and  R.  A.Schmeltzer.  .964  ; Abrams  R.  L..  .972)  cIpIeTeiata  on 
mode  properties  and  propagation  losses  have  been  studed  for  different  waveguides  (Yamanaka.  M . 1977).  In  general,  dielectric  wave- 

..  ,n!njeni0"  °f  7 C°2  PUmp  in‘°  ,he  FIR  cav,ty  is  normal|y  obtained  by  focusing  the  radiation  through  a hole  in  one  of  the 
cavity  end  reflectors  The  ou.couphng  of  the  FIR  radiation  is  usually  performed  a,  the  opposite  end  of  the  cavity. 

Figure  I shows  the  common  resonator  and  coupling  configurations  (Yamanaka.  M..  1977  ; Hodges.  D.  T..  1977) 

(a)  is  a conventional I Fabry-Pero,  resonator,  with  free  space  propagation  between  the  two  mirrors.  For  a long  cavity  (2-3  m)  the 

S)  mm)Tn  o^6,  Z7  ^ *'  F'R  WaVe'eng,hS  “ in  C°"Ven,i°"al  -h  large  transverse  dimensions  (about 

100  mm)  in  order  to  support  laser  modes  withoq,  excessive  diffraction  losses. 

inmetlhlTav  T77  """  '°W  f°f  h°"OW  dieIec,ric  "~dc  and  »“"«•  external  to  the  waveguide 

— - ■»  * *« '» - «*. » .o 


Ill)  uses  parallel  plats'  waveguide,  useful  for  Stark  effect  tuning,  modulation  and  phase-lock  (Stein.  S R et  al.  I *>77  ; Stein.  S R 
and  Van  de  Stadt.  I ‘>77  . Inguscio.  M.  et  al.  1478)  Linearly  polan/ed  output  can  he  obtained  using  rectangular  waveguides 


(c)  and  te > show  outcoupling  systems  other  than  the  simple  hole.  In  Ic)  the  outcoupling  mirror  may  he  a metallic  mesh  (induc- 
tive grid  or  capacitive  grid)  or  hybrid  metal-mesh  dielectric  mirror  (l)anielewic/.  1 J et  al.  1475)  that  couple  the  total  mode  out  of 
the  laser  w ith  a minimum  angular  divergence  for  the  beam  Other  mirror  coupling,  a variation  of  the  conventional  coupling  hole, 
uses  a high  reflectivity  dielectric  coating  for  the  CO  > radiation  and  a metallic  evaporated  hole  for  the  MR  outcoupling  (Hodges. 

If.  1 . et  al.  1476)  Increasing  the  pumping  efficiency.  MR  output  powers  as  high  as  400  mW  at  I 14  gin  and  100  mW  at  7()  mil  have 
been  obtained  (Hodges.  1).  I et  al.  |47o)  Hus  system  is  useful  up  about  100  pm 

(e)  is  a special  outcoupling  developed  for  the  70  mn  line  of  the  ( II  -OH  ( IMainchamp.  I’  to  be  published.  1478)  A salt  w indow 
(s  w m figure  le)  (k('l)  at  the  Brewster  angle  for  the  C'O , radiation  reflects  the  7()  pm  radiation  with  about  84  reflect iv it \ An 
external  concave  gold  mirror  re-injects  the  ( Os  beam  into  the  MR  cavity . increasing  the  pump  efficiency  Such  system  is  only  use- 
ful around  the  70  pm  wavelength  since  the  potasium- chloride  has  a high  reflexion  factor  just  around  this  wavelength 

cl  Output  power 

1 he  state  of  the  art  of  niillimetric  and  submillimetric  wave  sources  (lig  71  shows  that  the  ( W optically  pumped  MR  laser  pre- 
sents good  performance  between  47  pm  and  1 777  pm  (Fesenko.  I D and  S.  I liyubko.  147b  ; Hodges.  D 1.  et  al.  1 4 7b  . Hodges, 

If.  T.  et  al.  1477  ; Schubert,  M.  R.  et  al.  1477  ; Evenson.  K.  M.  et  al.  1477a.  Hodges,  D T.  ,1477a).  where  powers  from  IOto400mW 
have  been  obtained  using  70  - 40  W of  OO  s pump  power.  The  stronger  lines  have  been  obtained  at  70  pm  (110  in  VO  (Evenson.  KM 
et  al.  |477at  and  1 14  pm  (400  mW)  (Hodges.  If  T.  et  al.  |47b)  for  the  CHjOH  pumped  laser  For  the  discharge  FIR  laser,  the  maxi- 
mum reported  output  powers  are  at  .07  pm  (lbO  mW)  (Belland,  I’  |47b)  and  at  140  145  pm  (750  mW ) (Veron.  If  e(  al.  I47S)  for  the 
HCN  and  IX ‘N  lasers  respectively  (fig.  7). 

For  X > 450  pm  only  the  Backward-Wave  Oscillator  (BWO)  has  higher  power  than  the  lasers  (Bonnefoy,  R.  et  al.  1477)  But  in 
the  range  40  pm  < X < 400  pm  the  laser  output  powers  are  one  to  three  orders  higher  (hair  the  best  reported  values  of  the  ("W  BWO 
(Bonnefoy.  R.  et  al.  1477). 

The  values  of  other  tubes  and  solid  state  sources  (fig.  7)  are  from  (Kaisel.  S.  F . 1477)  and  (Kuno.  H J and  T T.  Fong.  |478). 

d)  FM  noise  and  stability. 

(file  of  the  more  important  characteristics  of  a local  oscillator  is  its  FM  intrinsic  noise.  A good  frequency  stability  can  he  expec- 
ted front  such  laser  due  to  the  absence  of  free  electrons  in  the  optical  cavity  (W  eiss.  ('  (f.  and  ('■  Kramer.  1475). 

One  method  to  define  the  oscillator  FM  noise  is  the  measurement  of  its  fractional  frequency  stability  ( Allan  variance)  versus 
the  average  measurement  time  ( Rutman.  J . 1 478).  Figure  5 shows  the  frequency  stability  of  the  IF  signal  ( 1 80  KH/)  obtained  beating 
two  similar  (7  m long)  free  running  CH -Oil  laser  (70.5  pm.  4.75  THz)  pumped  by  the  same  free  running  ( Xf , laser  (Plamchamp.  P to 
be  published.  1478).  The  mixer  is  a metal- insulator- metal  (M1M)  diode.  In  curve  C the  measurement  was  realized  through  a wide- band 
post- detection  amplifier  (0.01  - 400  MHz).  This  curve  is  similar  to  previously  published  ones  (Jimenez,  J.  J.  and  F R Petersen.  1 4 77  . 
Jimenez.  J.  J.  et  al.  1 478).  obtained  using  a 0. 1 - I 700  MHz  amplifier  and  a 7 MHz  beat  note.  The  stability  measurement  is  probably 
limited  by  the  wide- band  amplifier  noise. 

Curve  If  shows  the  frequency  stability  of  the  same  beat  note  using  a narrow-band  amplifier  (0  - 5 MHz)  (Plainchamr  . P to  he 
published.  1478).  For  r<  70  ms  a nearly  white  frequency  noise  is  obtained,  o (r)  7 \ 1 0“  * r ~ with  a minimum  value 

o^tr)  7 x I O' ' - for  70  ms  < r c.  100  ms.  For  longer  times  (r>  100  ms)  the  laser  drift  with  a law  oy(r)  » I 5 \ 1 0" 1 1 r 
mainly  due  to  the  FIR  cavity  drift  and  COi  drift. 

The  77W('Os  laser  (used  to  pump  both  FIR  lasers)  frequency  stability  has  been  measured  by  comparing  it  with  a high  stability 
free-running  low-power  (7  W)  CO,  laser  (Jimenez.  J . J et  al.  1478).  Its  frequency  stability  (fig  4.  curves  A and  B)  is  about  the  same 
order  of  magnitude  than  the  high  stability  laser,  in  despite  of  its  high  output  power.  Curve  A is  obtained  under  conditions  w here  the 
(Xf  i laser  is  not  coupled  to  the  FIR  laser,  and  curve  B when  the  CO  - is  pumping  the  FIR  laser  a slight  degradation  due  to  the  Kick- 
coupling effect  (optical  feedback  from  the  FIR  cavity)  appears  only  for  r>  50  ms.  in  good  agreement  with  lOodone.  A.  et  al.  |4'S) 

The  ('ll, OH  (70  pm)  stability  values  are  about  three  orders  of  magnitude  better  than  the  obtained  with  free  running  SCBMM 
lasers,  such  as  the  HCN  laser  (337  pm.  oy(r)=*  10~g  for  I0~4  *.  r v 70  s)  (Wells.  J S |473)  and  far  enough  from  the  equivalent 
values  obtained  with  free  running  niillimetric  tubes  or  solid  state  oscillators  (typical  values  are  o (r)  10"  - I0'!i  for  r Is)  The 

CH-jOH  (70  pm)  free  running  laser  stability  is  only  similar  to  that  of  the  best  stabilized  FIR  laser,  the  phase-locked  HCN  laser  (Wells. 

J.  S..  1473)  and  may  be  compared,  in  the  short  term  (rv,  0.1  s)  with  other  well  stabilized  lasers  such  as  the  CO  - (CO  - stabilized) 
(Freed.  C.  147b). 

e)  Long  term  frequency  stabilization. 

Until  now.  no  classical  stabilization  techniques,  used  for  other  lasers  have  been  applied  to  ameliorate  the  long  term  stability  of 
the  FIR  laser.  Instead,  electronic  tuning  techniques  have  been  developed  for  FIR  lasers  which  make  it  possible  both,  to  frequency  modu 
late  the  laser  at  very  high  rate,  and  to  phase-lock  it  to  a reference  oscillator  (Stein.  S.  R et  al.  1 477  , Stein,  S R and  H Van  de  Stadt. 
1477  ; Inguscio.  M.  et  al.  1478).  Tuning  is  achieved  by  applying  an  electric  field  (Stark  effect)  across  the  laser  medium  (fig  Id)  This 
method  avoid  the  introduction  of  lossy  materials  inside  the  cavity  and  provides  high  speed  frequency  tuning,  limited  only  by  the  life- 
time of  photons  inside  the  cavity. 

Stark  modulation  has  been  applied  to  the  CII^F  (44p  pm)  laser  as  well  as  to  thedljOHIaseri  1 14  - and  70  - pm)  Fre- 
quency shifts  versu  ; field  strength  are  a Knit  5 KIU/(V/cm)  for  the  (11,1  (Stem.  SR  et  al.  |4'7)  , 74  kHz  (V  cm)  for  the  1 14  pm 


1*1  1 


line  of  01)011  (Inguscui.M  anil  I Stniimu,  private  communication.  I *>78)  ami  45  Kll/  (V/cm)  for  the  70  pm  Ink-  of  (11,011  (Inguscio. 
M.  and  I'.  Stminiu.  private  communication.  I **78)  and  we  expect  the  best  liming  range  for  the  70  pm  line. 

living  Stark  effect,  a handwidili  tunabilily  of  main  MM/  lias  been  obtained  until  now  in  the  I'll, I (4*>b  pm)  (Slruima.  private 
cotnmumc alion,  !*>7X)  but  higher  values  may  be  expected.  Up  to  date,  the  HWO  bandwidth  tunabilily  ( 70  : ) is  much  better  (Honnefoy. 
R.etal.  1**77). 

f)  l lie  optically  pumped  I- IK  laser  as  local  oscillator. 

Because  of  its  useful  output  power,  high  number  of  emission  lines,  high  free  running  frequency  stability  and  possibility  ol  tuna- 
bihty,  the  optically  pumped  I IR  laser  could  be  the  best  choice  for  local  oscillator!  1.0)  in  the  SUBMM  region  I he  70. 5 pm  line  of 
the  < 11,011  laser  will  be  used  in  frequency  synthesis  as  a SUIIMM  frequency  secondary  standard  for  further  frequency  multiplication  to 
measure  to  parts  in  It)1-  the  frequency  of  the  helium-neon  methane-stabih/ed  laser  (.)..)*>  pm)  in  a very  accurate  laser  frequency 
synthesis  chain  (Jimenez,  J J . I**78b), 
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With  an  appropriate  choice  of  Ihe  nonlinear  device  and  a source  of  coherent  radiation,  it  will  be  possible  to  built  low  noise 
SUIIMM  receivers  m a large  frequency  domain. 

I wo  methods  may  be  considered 

I ) a detector  with  a high  quantum  efficiency  (r;  > I ) but  with  a small  bandwidth  (about  100  Ml  1/1  combined  w ith  a tunable 
or  fixed  L.  O.,  and 

->  detector  with  a low  quantum  efficiency  n/ss  I ) but  with  a large  banwidlh  (>"'  I (ill/)  combined  with  a I O of  diffe- 
rent fixed  frequencies,  such  as  the  I IR  pumped  laser. 

I he  classical  optical  detectors  (Keyes.  R J..  1**77)  may  be  classified  in  two  groups  that  differ  In  the  physical  mechanism  invol- 
ved in  the  detection  process 

a)  the  thermal  detectors,  where  the  heating  of  Ihe  incident  radiation  causes  a change  in  some  electrical  properties  of  the 
dctcctot.  and 

h)  the  quantum  (or  photon)  detectors,  where  there  is  a direct  interaction  between  the  incident  photons  and  the  carriers  of 
the  detector  material. 

I he  thermal  detectors  respond  theoretically  equally  to  all  wavelength,  but  practical  limitations  of  available  blackening  mate- 
rial olten  modify  this  assumption.  I lie  more  important  thermal  detectors  are  the  thermocouple,  the  bolometer,  the  pneumatic  ((iotas 
detector)  and  the  calorimeter.  I he  time  constant  of  a thermal  detector  is  usually  between  a few  milliseconds  anil  a few  seconds. 

The  quantum  detectors  have  shorter  time  constants,  inferior  or  equal  to  a lew  microseconds,  but  its  reponse  vanes  with  the 
wavelength.  I he  more  important  quantum  detectors  are  the  photoelectric  (or  photoemissive).  the  photoconduclive  (intrinsic . extrinsic 
or  free  carrier)  and  the  photovoltaic (p-rt  junction)  detector.  Hie  phofoconductivc  (extrinsic  and  hot  electrons)  detectors  scent  to  In- 
very  promising  mixers  in  Ihe  *00  - 7000gnsrcglon.  but  the  higher  IT  handwulths  obtained  are  inferior  to  700  Mil/,  anil  in  general,  only 
a few  Mil/.  (Me  Coll,  M..  I**77). 

Ihe  faster  detectors  used  in  the  optical  region  are  devices  that  extend  the  classical  function  of  the  microwave  mixer  through 
the  SUBMM  region  as  well  as  to  the  IR  spectrum,  to  wavelengths  as  short  as  1.57  gin  (l'venson.  K M et  al.  I *> 77b)  The  more  used  are 
Ihe  point  contact  diodes  (metal-semiconductor,  metal-ins  ....  tor-metal  (MIM).  supcrcondiictor-msolator-supereonductor  (Joscphson 
lone  lion.  J.  J.)aml  the  Sc  hot  t *y  barrier  diodes.  Some  ol  them  (MINI  and  Schottky  barrier  diodes)  have  been  built  in  planar  structure 
(Tor  a review  of  SUBMM  and  IR  mixers,  see  IVc.  M and  .1  Auvray.  1**75  . Knight.  I).  .1  T and  P.  I Woods.  I‘*7r.  . Me  Coll.  M 
I *»7 7 . Jimenez.  J J..  1978a). 

I he  main  parameters  to  choice  a heterodyne  mixej  are  its  sensitivity  (or  noise  temperature),  bandw  tilth  and  operating  tempi- 
utiire  Only  the  JJ  and  the  photoconduclive  mixers  work  al  liquid  helium  temperatures  The  Schottky  barrier  diode  has  been  some 
limes  tooled  in  order  to  improve  its  noise  temperature  (Kerr.  A.R..  I**75) 

I able  I siuumari/es  the  main  parameters  ol  Ihe  highest  frequency  nonlinear  devices,  used  as  detectors  (wavelength  limit)  and 
, misers  t hcii-rods  in-  detectors)  in  tile  I IR  and  Ihe  IR* 

In  tin  xl  HMM  range,  the  more  used  are  the  Si-metal  (IV).  (hi  As- metal  (IV  and  planar  Schottky  barrier)  and  the  Joscphson 
• IX  ' \ll  them  have  a i uloff  frequency  in  the  lew  HI/  range  and  high  multiplication  orders  ( I able  I *.  the  higher  ones  (401 
■lies,-,  in. ling  to  the  JJ  Moreover,  this  device  ami  the  Schottky  barrier  diode,  have  Ihe  lowest  noise  as  heterodyne  receivers 

m.ialiPt  ) ami  the  In  \s-metal  (hot  carrier  diode)  (IV)  have  pcniiitled  to  detect  the  It)  gm  radiation  A mixing 
* is  ha-  been  obtained  with  Ihe  last  one.  giving  a 50  (III/  beat  note  (Aukemian  I W and  J \\  Trier.  I **77) 

'*  * - - Metal  t MIM)  (IS  ) diode,  lust  used  in  Ml  I (lltvckct  I ( V.  et  al.  I **  ’SI  is  the  mam  dev  ice  m Ihe  complete 

• • , whisker  tliinvsicti  wire.  ID  to  75  gm  diameter)  clcctrochemically  sharpened  to  a lip  radius  of  M'  lOOnin 


a rn-or.l  .wi  Utile  I amt  liguir  4.  <rr(Jnnenr/.  J J , l**7Ra  ami  Me Civil.  M l**”l 
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in  contact  with  a polished  base  (nickel).  A natural  oxide  layer,  1 - 2 nm  width,  is  between  the  two  metals.  The  straight  portion  of  the 
whisker  from  the  tip  to  a right  angle  bend  serves  as  antenna  (Matarrese,  L.  M.  and  K.  M.  Evenson,  1970)  to  concentrate  the  focused 
laser  field  at  the  tip.  The  same  type  of  optical  coupling  is  used  for  the  others  PC  diodes,  and  antenna  gains  of  6 - 1 2 dB  have  been  ob- 
tained in  the  SUBMM  range  using  some  special  reflector  (Krautle,  M.  et  al,  1978  ; Fetterman,  H.  R.  et  al,  1978). 

The  highest  frequency  ever  mixed,  197  THz  (1.52  pm)  (Evenson,  K.  M.  et  al,  1977b)  has  been  obtained  with  the  MIM  point 
contact  diode. 

Typical  IF  bandwidth  for  the  PC  devices  are  in  the  1 - 100  GHz  range,  with  sensitivities  (minimum  detectable  powers*)  com- 
parable and  even  better  than  the  values  obtained  with  photoconductive  devices.  Figure  4 shows  the  MDP  (and  noise  temperature)  for 
several  mixers  or  receivers  (filled— in  data  points)  in  the  millimetric,  submillimetric  and  infrared  range.  Among  them,  the  J J and  the 
Schottky  diodes  seem  to  be  the  more  useful  devices  in  the  MM  and  SUBMM  lange,  with  MDP  values  about  one  order  of  magnitude 
higher  than  the  quantum  limit  for  the  J J,  and  about  two  to  three  orders  higher  than  the  quantum  limit  for  the  Schottky  diodes,  in  the 
500  pm  - 10  mm  range . 

The  planar  structure  diodes,  Schottky  barrier  and  MIM  (Jimenez,  J J , 1978a)  seem  also  very  interesting  in  the  SUBMM  range. 


Table  1 . Summary  of  performance  characteristics  of  the  common  optical  frequency  detectors  and  mixers  devices. 

Although  some  of  the  data  has  been  obtained  by  private  communications,  most  has  been  reported  in  the 
literature  (Jimenez,  1978a)For  a given  detector,  values  reported  in  the  table  are  not  necessarily  from  the 
same  experiment. 


DETECTOR 


1.  Point  contact 


1.1.  Metal- Semiconductor  (MS) 
Si  (PC)  (e) 


Ge  (PC) 

Ga  As  (PC) 


Ga  As  (SB)  (0 
In  As  (PC) 


1.2  Metal-Insulator-Metal  (MIM) 
(PC) 


1.3.  Superconductor-Insulator- 
Superconductor 
Josephson  Jonction  (PC) 


2.  Planar  structure 

2. 1 Metal-Semiconductor  (MS) 
Ga  As  (SB) 

2.2  Metal-Insulator-Metal  (MIM) 


Detection 


Wavelength 

limit 

(pm) 


84 


10.6 

337 


(g) 


5 

10.6  (g) 

42 


10,6 


0,5  (g,  i)| 
1.52  (j) 


9.5  <g> 
70.5 


337 


0.45-0.6  (gj 
3.39 
10.6 


Harmonic  generator  and  mixer  (heterodyne) 


Frequency 
limit  i/.(b) 

(v2)  (c) 

(THz) 


3.56 

(1-58) 


0.89 

4.25 


2.52 

28.3 


197 

(88) 

(10) 


4.25 

(3.8) 

(0.89) 


0.76 


0.89 


Multipli- 

cation 

order 


Time 

response 

(e) 

|r=l/p,  (ft) 


4 

23 


9 

I (h) 


33 

1 (h) 


1 (k) 
3 (1) 
15 


43 

401 

825 


82 


13 


280 


1120 

235 


35 

5 


235 


1316 


1120 


MDpW  at  frequency  v 


MDP(WHzl) 


2 x 10‘ 


14 


5 x 10' 


i-17 


1 to  2 x 10"'9 


10 


,-8 


10 


-13 


I0'15-I0‘16 


10 


i-17 


6 x 10 


,-20 


3 x 10 


,-21 


p(THz) 


0.89 

2,52 


0. 76toO,32 
28,3 


28.3 

0.89 


0.89 

0.45 

0.32 


(a)  MDP  : Minimum  detectable  power,  represents  the  sensitivity  of  a mixer  (coherent  or  heterodyne  detector)  or  a 
receiver,  in  a normalized  bandwith  B = 1 Hz.  It  is  expressed  in  units  of  W. llz*' . MDP  = kTB|F,  where  k is  the 
Boltzman’s  constant,  T the  mixer  (or  receiver)  noise  temperature  and  B[p  the  IF  bandwith.  The  quantum  limit 
is  hp  = kT. 


(b)  v | is  the  highest  frequency  obtained  with  the 
device. 


(d)  I fs 
See  definition  in  table  I 


IQ"' 5s. 


(c)  (i>,)  (many  values  may  be  reported)  is  the  highest 

frequency  obtained  for  the  highest  multiplication  order 
(next  column). 


(*)  tlo  available  data 
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U'l  IS  " point  contact  (i)  positive  rectified  voltage 

tO  Sll  “ Schottky  harrier  (j)  negative  rectified  voltage 

tgi  rectification  may  he  tlicrm.il  (k)  three  frequencies  mixing  without  harmonic  generation 

th)  two  frequencies  mixing  without  harmonic  generation  (I)  three  frequencies  mixing  with  harmonic  generation 

In  order  to  choose  the  best  mixer,  we  require  some  display  of  the  difference  frequency  between  the  signal  and  the  known  refe- 
rence frequency  of  the  l O.  radiating  in  the  same  spectral  region  There  an-  two  main  possibilities 

a)  the  simplest  technique  would  lx-  to  heterodyne  the  signal  with  an  harmonic  of  an  electronically  measurable  I t)  frequency, 
directly  generated  in  the  nonlinear  device.  Such  devices  should  lx*  capable  of  high-order  harmonic  generation  and  need  to 
have  high  cutoff  frequencies  The  metal-semiconductor  IV,  Schottky  barrier  diode  and  J J seem  to  be  the  best  choice  up  to 
a few  TH*. 

hi  we  may  mix  the  signal  with  a spectrally  adjacent  known  I ().  in  a wideband  device  It  necessary  this  difference  is  down-conver- 
ted to  a frequency  within  the  response  band  of  the  device  by  mixing  it  with  other  radiation  (usually  microwaves).  In  this  case 
the  Pi  and  Schottky  barrier  diodes  may  lx'  the  best  choice,  specialty  it  the  difference  lx1 1 ween  signal  and  L.  O.  is  large. 

Optical  frequency  mixing  is  a new  subject,  but  commercial  development  of  SUBMM  devices  is  limited  to  photodiodes  and 
Schottky  diodes  Other  devices  (JJ,  MINI  and  in  general  IV  diodes)  are  very  delicate  and  need  to  ho  used  in  special  laboratories  for 
frequencies  higher  than  a few  I Hr,  the  MIM  diode  is  up  to  day  the  best  choice 


.1  I IK  WAVI  PROPAGATION 

I wo  cases  need  to  lx-  considered  a)  the  optical  beam  propagation  at  the  top  of  the  earth’s  atmosphere,  and  b)  the  optical 
Ix'am  propagation  at  the  earth  atmosphere.  1 lie  tirst  case  apply  to  the  space  research,  specially  interstellar  astronomical  observations  , 
the  second  case  concern  the  earth  communications,  civil  or  military. 

• he  molecular  line  astronomy  can  lx-  used  as  a diagnostic  tool  for  the  study  of  the  physical  conditions,  such  as  mass,  density 
and  temperature  ol  the  interstellar  gas.  Rotational  transitions  of  many  molecules!  II, O.IICN,  DCS.  Nil,.  IKXX)H.  01,011.  etc.  ) 
occur  in  the  MM  and  SlUIMM  regions.  In  these  cases,  the  receiver  is  over  the  top  of  the  earth’s  atmosphere  and  its  attenuation  is  not 
important. 

In  the  second  case,  although  the  atmosphere  is  quite  transparent  in  the  visible  and  near  infrared,  attenuation  is  high  into  the 
SlUIMM  region.  Ibis  is  due  to  absorption  of  the  radiation  by  the  atmospheric  constituents,  the  greatest  problem  arising  from  the  water 
vapor. 

Operation  in  inclement  weather  (rain,  fog  or  snow),  as  it  is  founded  in  Europe.  favors  the  near  and  intermediate  IR  regions 
( I - :5  pm)  and  the  SlUIMM  region  (beyond  .100  pm)  (Kruse.  P W.  and  V.  Garber.  1470  , Hartman,  R L and  P W Kruse.  14?<,(  In 
lad.  the  inclement  weather  is  characterized  by  a distribution  of  particuir  size  : at  wavelength  much  smaller  than  the  particle  diameter 
the  scattering  of  radiation  is  relatively  independant  of  wavelength  In  fog  conditions,  the  more  useful  windows  are  at  .117.  750.  850 
and  I .100  pm  (Kruse.  P W and  V.  Garber,  1 47b),  where  FIR  lasers  are  available. .Experiments  at  850  pm  have  showed  the  advantages 
of  a such  receiver  compared  with  a .1  mm  receiver  (Hartman.  K l . and  IV  W.  Kruse,  1 47b)  In  these  conditions,  a SlUIMM  receiver 
appears  to  be  very  promising  to  operate  in  the  battlefield  on  inclement  weather  as  active  imaging  system 

However,  greater  receiver  sensitivity  and/or  power  output  of  the  laser  sources,  and  more  experimental  studies  on  SlUIMM 
propagation  are  needed  in  this  wavelength  region. 
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INTEGRATED-CIRCUIT  MEDIA  FOR  MILLIMETER-WAVE  APPLICATIONS 


Barry  E.  Spielman 
Naval  Research  Laboratory 
Washington,  D.C.  20375 


SUMMARY 


This  paper  provides  an  overview  and  assessment  of  the  principal  transmission  media  which  are  being  con- 
sidered for  integrated-circuit  millimeter-wave  applications.  The  paper  starts  by  describing  the  important 
problems  which  are  encountered  in  circuit  integration  at  millimeter  wave  frequencies,  including  high 
transmission  line  loss,  dispersion  and  higher-order  moding,  insufficient  availability  of  design  data, 
factors  affecting  cost,  and  suitability  of  transmission  lines  for  component  implementation.  The  principal 
transmission  lines  are  compared  with  respect  to:  unloaded  Q;  the  range  of  impedance  levels  which  are 
offered;  the  anticipated  useful  frequency  range;  compatibility  with  solid  state  devices;  demonstrated 
utility  for  critical  components  like  hybrids  and  filters;  availability  of  transitions  tc  metal  waveguide, 
need  for  mode  suppression  techniques;  availability  of  design  data;  and  other  general  considerations.  The 
paper  concludes  with  a summary  of  the  outstanding  features  of  these  transmission  media  with  particular 
attention  to  cost  considerations  and  application  areas  (e.g.,  suitability  for  wideband  or  narrowband 
system  applications). 


BACKGROUND 


There  is  considerable  interest  in  investigating  and  exploiting  new  transmission  lines  for  use  in  integrated 
circuits  operating  at  higher  microwave  and  millimeter-wave  frequencies.  This  interest  has  been  spurred  by 
the  success  in  effecting  reductions  in  circuit  cost,  size,  and  weight  through  the  application  of  micro- 
strip at  lower  to  intermediate  microwave  frequencies.  Unfortunately,  microstrip  is  discouragingly  lossy 
and  more  difficult  to  fabricate  at  higher  microwave  and  millimeter-wave  frequencies.  These  considerations 
have  prompted  the  search  for  transmission  lines  that  are  amenable  to  integrated-circuit  fabrication 
methods  and  which  have  improved  loss  characteristics. 


The  search  for  transmission  lines  which  are  suitable  for  use  in  circuit  integration  at  millimeter-wave 
frequencies  is  paced  by  the  following  problems.  As  frequency  increases  dissipation  losses  increase  due  to 
both  conductor  and  dielectric  loss  effects.  As  frequency  increases  dispersion  becomes  more  significant  in 
quasi-TEM  transmission  lines  and  more  caution  must  be  used  to  either  prevent  or  suppress  higher-order 
moding  in  the  circuits.  A deficiency  of  information  existed  to  assess  the  fundamental  propagation  charac- 
teristics (e.g.  impedance,  phase  velocity,  dissipation  loss,  and  dispersion)  of  several  new  transmission 
line  configurations  and  even  to  design  practical  circuits  using  previously  conceived  line  configurations. 


In  addition  to  determining  transmission  lines  with  attractive  fundamental  characteristics,  these  trans- 
mission lines  must  also  be  suitable  for  millimeter-wave  circuit  applications  with  respect  to  other  per- 
formance facets,  compatibility  with  fabrication  constraints,  and  coat.  Consideration  must  be  given  to  the 
capability  for  incorporation  of  solid-state  devices,  compatibility  with  thin  film  and  photolithographic 
fabrication  tolerances,  and  surface  finish  requirements.  Finally,  the  ultimate  circuits  must  be  cost 
effective  for  the  intended  application. 


The  next  two  sections  of  this  paper  describe  research  efforts  performed  in  the  Microwave  Technology  Branch 
of  the  Naval  Research  Laboratory  to  provide  fundamental  data  for  dissipation  losses  and  dispersion, 
respectively,  for  a variety  of  transmission  media.  The  efforts  also  provided  design  data  and  tools  to 
augment  the  component  technology  base.  The  results  derived  from  these  research  efforts  helped  to  augment 
the  available  information  provided  in  the  overview  of  millimeter-wave  integrated-circuit  media  presented 
in  section  4.  of  this  paper. 


DISSIPATION  LOSSES 


A computer-aided  analysis  for  determining  fundamental  propagation  characteristics  in  quasi-TEM  transmis- 
sion structures  was  formulated  and  implemented  for  use  on  digital  computers.  This  analysis  employs  a 
method-of-moments  boundary  value  problem  solution  using  the  equivalent  charge  principle  (pulse  expansion 
functions  with  point  matching  of  boundary  conditions).  The  analysis  is  capable  of  analyzing  virtually  any 
uniform,  isolated  or  coupled  transmission  lines  having  cross  sections  composed  of  conductors  and  inhomo- 
geneous (or  homogeneous)  dielectrics.  For  a specified  isolated  line  configuration  the  analysis  provides 
evaluations  of:  conductor  and  dielectric  loss  coefficients,  their  sum,  as  well  as  impedance  and  phase 
velocity.  Similar  evaluations  are  provided  for  even-  and  odd-mode  characteristics  in  coupled-line  struc- 
tures. Some  of  the  isolated  transmission  line  structures  analyzed  are  portrayed  in  Figure  1.  Figure  2 
shows  a photograph  of  a two-section  directional  coupler  which  employs  edge-coupled  roicrostrip  with 
dielectric  overlay  configurations  in  the  two-coupled  line  sections.  Complete  details  of  the  analysis, 
design  curves  for  losses,  and  documentation  for  five,  user-oriented  computer  programs  (each  program 
applicable  to  a configuration  depicted  in  Figure  1 or  2)  have  been  documented  (SPIELMAN,  B.E..,  1976  and 
SPIELMAN,  B.E..,  1977).  The  accuracy  of  this  analysis  has  been  found  to  be  within  0.01  dB/X  for  conductor 
loss  coefficients  and  within  1-2  percent  for  dielectric  loss  coefficients,  these  determined  from  tests  on 
microstrip. 

3.  DISPERSION  AND  HIGHER-ORDER  MODING 

In  order  to  provide  a design  tool  and  information  on  dispersion  for  a broad  class  of  transmission  media,  a 
method-of-moments  analysis  was  formulated  using  an  equivalent  current  (electric  and  magnetic)  representa- 
tion. The  moment  solution  applies  pulse  expansion  functions  together  with  point  matching  of  the  boundary 
conditions . 

The  solution  has  been  programmed  or  use  on  a digital  computer  and  has  the  following  attributes: 
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1.  It  is  capable  of  evaluating  fundamental  and  higher-order  mode  propagation  coefficients  and 
cutoff  frequencies. 

2.  Virtually  any  isolated  or  coupled-guide  structure  cross  sections  can  be  analyzed. 

3.  It  treats  inhooogeneously  loaded  guiding  structures  including  packaging  effects. 

The  correlation  of  results  determined  by  this  analysis  for  microstrip  in  a box  with  those  of  (MITTRA,  R. 
and  ITOH,  T..,  1971)  for  the  fundamental  mode  and  (YAKASHITA,  E.  and  ATSl/KI,  K..t  1976)  for  higher-order 
modes  is  seen  in  the  dispersion  plot  shown  in  Figure  3.  Figure  4 shows  a dispersion  plot  for  the  trans- 
mission line  cross  section  depicted  in  Figure  Id.  Here,  W represents  the  width  of  the  strip  and  H 
represents  the  distance  from  the  strip  to  the  channel  "bottom."  This  represents  the  first  such  design 
information  produced  for  this  relatively  new  transmission  line.  The  dimensions  of  the  configuration 
which  was  analyzed  to  provide  the  results  in  Figure  4 were  purposely  chosen  to  be  compatible  with 
microwave  frequency  circuit  dimensions . It  is  to  be  observed  that  the  higher-order  mode  cutoff  fre- 
quencies (17.5  GHz  and  23  GHz)  fall  well  below  the  low  end  of  the  millimeter-wave  frequency  band.  The 
analysis  described  here  has  been  documented  (GANGULY,  A.  and  SPIELMAN,  B. E. . , August  1977  and  December 
1977). 

4.  OVERVIEW 

Figure  5 shows  generic  cross  sections  for  planar  oriented  transmission  lines  which  offer  some  attractive 
features  for  circuit  integration  at  millimeter-wave  frequencies.  Image  line  (and  other  dielectric-based 
guiding  structures),  fin  line,  and  slot  line  are  inherently  non-TEM  structures.  Microstrip,  coplanar 
waveguide,  inverted  microstrip,  trapped  inverted  microstrip,  and  suspended  strip  line  are  quasi-TEM  in 
nature. 

Image  line  consists  of  a strip-like  dielectric  slab  affixed  to  a metal  ground  plane.  The  dielectric 
materials  commonly  employed  include:  boron  nitride,  alumina,  and  high-resistivity  silicon.  Most  efforts 
to  date  have  employed  machining  processes  to  shape  the  dielectric  slab. 

Fin  line  is  composed  of  a dielectric  substrate  affixed  in  a rectangular  waveguide-like  package  with  the 
substrate  in  the  E-field  plane  of  the  "metal  waveguide."  Circuits  are  fabricated  by  photolithographically 
defining  slots  in  metal  which  is  deposited  on  the  substrate.  Slot  line  is  akin  to  fin  line,  but  concep- 
tually has  no  surrounding  metal  guide  or  package.  Dielectric  materials  employed  are  duroid,  fused  silica, 
quartz,  alumina,  and  sapphire. 

Microstrip  is  well-known  and  included  for  completeness.  Materials  commonly  used  at  millimeter-wave  fre- 
quencies include  fused  silica,  quartz,  and  duroid. 

Coplanar  waveguide  consists  of  a metal  strip  and  two  symmetric  ground  planes  photolithographical ly  fabri- 
cated on  a common  dielectric  substrate  side.  Dielectrics  employed  have  included  sapphire  and  duroid. 

Inverted  microstrip  employs  a metal  strip  fabricated  photolithographically  on  a dielectric  substrate  with 
an  air  region  between  the  strip  and  ground  plane.  Since  this  line  has  a greater  percentage  of  total 
energy  in  air  than  microstrip,  by  comparison  a broader  line  width  is  possible  for  a prescribed  impedance. 
Hence,  fabrication  constraints  are  relaxed  and  conductor  dissipation  losses  can  be  diminished. 

Trapped  inverted  microstrip  is  similar  to  inverted  microstrip,  but  has  the  ground  plane  turned  up  to  each 
side  of  the  strip.  This  ground  plane  "channel"  affords  the  additional  feature  of  inherent  suppression  of 
certain  higher-order  modes. 

Suspended  strip  line  is  akin  to  trapped  inverted  microstrip  but  has  a completely  shielding  ground  struc- 
ture. 


4.1.  Unloaded  Q 

Figure  6 depicts  representative  values  of  unloaded  Q for  the  transmission  lines  portrayed  in  Figure  5. 

The  dielectric  constants  for  the  substrate  materials  used  for  this  portrayal  were  selected  to  be  those 
of  commonly  used  materials.  It  is  to  be  noted  that  these  lines  fall  into  roughly  three  categories: 

1.  Those  having  Q's  ranging  from  approximately  100-200. 

2.  Those  having  Q's  ranging  from  400-700. 

3.  Image  line  having  a theoretical  Q of  about  2500* 

It  is  to  be  noted  that  the  theoretical  unloaded  Q for  image  line  has  not  yet  been  realized  routinely  in 
practice,  due  to  problems  which  will  be  discussed  in  section  4.3(d).  Furthermore,  in  practice  it  is  the 
loaded  Q for  specific  applications  which  is  of  primary  importance. 

4.2.  Impedance  Levels 

Table  I shows  the  anticipated  ranges  of  impedance  levels  available  for  millimeter-wave  circuit  applica- 
tions for  the  candidate  transmission  lines  shown  in  Figure  5.  These  impedance  ranges  have  been  determined 
for  commonly  used  materials  at  frequencies  up  through  approximately  100  GHz.  For  the  following  reason 
only  a single  value  (approximate)  for  image  line  is  presented.  Presume  that  fundamental  mode  operation  is 
desired.  As  the  operating  frequency  decreases  toward  the  fundamental  mode  cutoff  frequency  the  energy 


becomes  less  confined  to  the  slab  and  impractical  "cross-talk"  effects  can  result.  As  the  operating  fre- 
quency increases  from  the  fundamental  mode  cutoff  operation  is  eventually  limited  by  the  cutoff  frequency 
of  the  first,  higher-order  mode.  It  is  not  precisely  known  how  close  operation  may  be  to  the  currently 


about  midway  between  these  two  cutoff  frequency  values. 


TABLE  I.  - IMPEDANCE  LEVELS 


(OHMS) 


Image  Line 

' 26 

Fin  Line 

10-400 

Slot  Line 

60-200 

Microstrip 

20-125 

Coplanar  Waveguide 

40-150 

Inverted  Microstrip 

25-130 

Trapped  Inverted  Microstrip 

30-140 

Suspended  Stripline 

40-150 

4.3.  General  Coaments 

Sections  4.3(a)  through  4.3(d),  highlight  what  are  deemed  to  be  significant  technological  facets  of  the 
circuit  technologies  employing:  microstrip,  trapped  inverted  microstrip,  fin  line,  and  image  line,  respec- 
t ively . 

(a)  It  is  anticipated  that  approximately  60  GHz  is  the  uppei  trequency  limit  for  extensive 
utility  of  microstrip  in  system  applications.  This  limitation  results  from  the  combination  of  techniques 
required  for  moding  suppression,  fabrication  tolerances,  and  handling  fragility.  The  coapat ibil ity  of 
this  line  with  solid-state  device  (e.g.  Cunn  and  IMPATT  diodes)  incorporation  requriements  is  judged  to  be 
fair  to  good.  The  compatibility  of  microstrip  for  incorporation  of  packaged  devices  is  somewhat  poorer 
than  for  chip  or  beam  devices  due  to  problems  associated  with  parasitic  effects.  Quadrature  hybrids 
implemented  in  microstrip  have  been  primarily  the  branch  line  and  coupled  comb-like  type  (CUNTON,  D.J. 

and  PAIGE,  E.G.S..,  1475).  Due  to  the  relatively  low-value  of  unloaded  Q for  microstrip,  bandpass 
(approximately  10  percent  bandwidth)  are  relatively  difficult  to  achieve.  Transitions  from  standard  wave- 
guide to  microstrip  (for  equipment  interfacing)  have  been  developed  using:  probe-like  feeds,  ridge-like 
tapers  and  steps,  and  photol i thographical ly  fabricated  baluns  (LAVEDAN,  L..,  1477).  Some  channel i tat  ion 
is  necessary  in  microstrip  to  suppress  higher-order  moding.  Design  information  is  fairly  readily  avail- 
able for  most  circuit  requirements  using  microstrip,  however  a deficiency  exists  in  accurate  characterisa- 
tions for  discontinuities  (e.g.  T-junctions). 

(b)  Trapped  inverted  microstrip  may  well  have  utility  for  applications  up  through  4S  GHt. 

There  has  currently  been  little  exploitation  of  the  line  for  millimeter-wave  applications  due  to  the 
previous  unavailability  of  fundamental  design  information.  The  compat ibi l ity  of  this  line  with  solid- 
state  devices  is  not  yet  known.  However,  trapped  inverted  microstrip  may  have  better  compatibility  than 
microstrip  by  virtue  of  its  "built-in"  capability  for  mode  suppression  and  better  facility  for  incor- 
porating shunt,  as  well  as  series,  mounted  devices.  Preliminary  transitions  to  standard  waveguide  have 
been  developed  using  probe-like  launchers.  Some  design  information  is  available  for  circuit  applications 
(SPIELMAN,  B.E. . , 1976)  and  (GANGULY,  A.K.  and  SPIELMAN,  B.E. . , August  and  December  1977). 

(c)  Fin  line  appears  to  be  useful  in  the  range  from  about  30  through  100  GHr.  The  compati- 
bility of  fin  line  with  solid-state  devices  is  judged  to  be  fair  for  packaged  and  chip  devices  and  some- 
what better  for  beam-lead  devices.  Socqe  compl i cat  ions  arise  in  biasing  multi-function  circuits  and  in 
heat-sinking  techniques.  Quadrature  hybrids  of  the  branch  line  type  (DE  RONDS,  F.C..,  1970)  using  slot 
line  appears  to  be  feasible  in  this  line.  Bandpass  filters  (approximately  10  percent  bandwidth)  are 
reasonably  good  in  this  line.  Transitions  to  waveguide  have  been  developed  using  ridge-like  transitions. 
It  is  to  be  noted  that  the  fin  line  package  is  operationally  a part  of  the  waveguide  structure  and  must  be 
considered  for  circuit  design  purposes.  Some  design  information  is  available  for  this  structure 
(HOFMANN,  H. • , 1977). 

(d)  Image  line  seems  likely  to  be  especially  useful  at  frequencies  above  100  GHs.  The  com- 
patibility of  this  line  with  solid-state  devices  is  deemed  poor  to  fair.  Problems  arise  in  developing 
repeatable,  cost-effect  device  mounts.  This  guiding  structure  tends  to  radiate  at  discontinuities  and 
offers  complications  for  heat  sinking  due  to  the  lack  of  metal  proximity  at  the  circuit  surface.  Quadra- 
ture hybrids  to  date  are  the  proximity,  optical-type  couplers  (RARNOSKI,  M.K.  [ed.l  , 1974),  which  are 
dispersive  and  inherently  narrowband.  Theoretically  filters  are  good,  but  difficulties  have  been  encoun- 
tered in  practice.  Techniques  for  precisely  aligning  circuit  patterns  have  not  yet  been  completely 
developed.  Adhesives  used  to  affix  the  dielectric  slab  patterns  to  the  ground  plane  are  currently  exces- 
sively lossy,  thereby  lowering  the  circuit  Q.  Additional  problems  to  be  addressed  include  the  reduction 
of  radiation  and  mutual  coupling  from  device  mounts  and  line  bends.  Transitions  to  waveguide  employ 
tapering  of  the  dielectric  slab  as  it  proceeds  into  the  waveguide.  Some  design  information  is  available 
(TOULIOS,  P.P.  and  KNOX,  R.M. • , 1970). 

5.  CONCLUSIONS 

It  is  of  interest  to  assess  the  prospects  of  various  circuit-integration  media  for  applications.  For 
perspective,  this  is  done  also  for  the  more  well-established  metal  waveguide  technology.  Metal  waveguide 
technology  is  relatively  expensive  (in  part  due  to  low  volume  of  system  applications),  generally  high  per- 
formance, and  is  particularly  useful  for  high-performance  components  and  systems,  high-power  appl icat ions , 
and  test  equipment. 

Microstrip  offers  a high  degree  of  potential  for  integration.  It  is  relatively  inexpensive  and  small, 
however  the  losses  are  relatively  high.  The  anticipated  application  area  for  microstrip  is  in  moderately 
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wide  to  wideband  components  and  systems. 

Fin  line  offers  a moderate  degree  of  potential  for  integration.  It  combines  printed  circuit  techniques 
with  good  performance  and  offers  some  reduction  in  cost  and  size.  Its  application  appears  to  be  reason- 
able in  narrowband  to  moderately  wideband  components  and  systems.  Similar  remarks  seem  appropriate  for 
inverted  microstrip,  trapped  inverted  microstrip,  and  suspended  strip  line. 

Image  line  offers  potentially  low  losses.  However,  problems  related  to  radiation  must  be  addressed.  The 
need  to  gradually  bend  image  line  to  minimize  radiation  leads  to  relatively  large  circuits.  To  date,  the 
cost  effectiveness  of  this  technology  is  unconfirmed  except  for  a limited  number  of  components  (e.g. 
hybrids).  This  technology  seems  most  suitable  for  use  in  narrowband  to  moderately  narrowband  systems  and 
components . 

Finally,  it  is  anticipated  that  the  integration  of  multi-function  circuits  at  millimeter-wave  frequencies 
is  likely  to  require  the  use  of  more  than  one  type  of  circuit  technology  to  achieve  high-performance. 

ACKNOWLEDGEMENTS 

The  author  expresses  his  to  Dr.  Ulrich  Geysel  for  the  information  he  contributed.  Thanks  also  go  to 
Dr.  Achintya  Ganguly  for  his  contributions  to  the  work  on  dispersion. 


REFERENCES 

BARNOSKl,  M.K.  (ed.l,  1974),  "Introduction  to  Integrated  Optics,"  Plenum  Press. 

DE  RONDE,  F.C.,  1970,  "A  New  Class  of  Microstrip  Directional  Couplers,"  1970  IEEE  G-MTT  Symposium  Digest, 
pp.  184-189. 

GANGULY,  A.K.  and  SPIEUiAN,  B.E. , August  1977,  "A  Method-of-Moments  Solution  for  Dispersion  Character- 
istics of  Arbitrarily  Configured  Transmission  Media,"  NRL  Memorandum  Report  #3581. 

GANGULY,  A.K.  and  SPIEUiAN,  B.E.,  December  1977,  "Dispersion  Characteristics  for  Arbitrarily  Configured 
Transmission  Media,"  pp.  1138-1141. 

GUNTON,  D.J.  and  PAIGE,  E.G.S.,  1975,  "Directional  Coupler  for  Gigahertz  Frequencies  Based  on  the  Coupling 
Properties  of  Two  Planar  Comb  Transmission  Lines,"  Electron.  Lett.,  pp.  406-408. 

HOFMANN,  H.,  1977,  "Calculation  of  Quasi-Planar  Lines  for  Hm-Wave  Application,"  1977  IEEE  MTT-5  Inter- 
national Microwave  Symposium  Digest,"  pp.  381-384. 

LAVEDAN,  L. , 1977,  "Design  of  Waveguide  to  Microstrip  Transitions  Specially  Suited  to  Millimeter  Wave 
Applications,"  Electron.  Lett.,  pp.  604-605. 

MITTRA,  R.  and  ITOH,  T.,  1971,  "A  New  Technique  for  the  Analysis  of  the  Dispersion  Characteristics  of 
Microstrip  Lines,"  IEEE  Trans.  Micr.  Th.  Techs.,  pp.  47-55. 

SPIELMAN,  B.E.,  1976,  "Computer-Aided  Analysis  of  Dissipation  Losses  in  Isolated  and  Coupled  Transmission 
Lines  for  Microwave  and  Millimeter-Wave  Applications,"  NRL  Formal  Report  #8009. 

SPIELMAN,  B.E.,  1977,  "Dissipation  Loss  Effects  in  Isolated  and  Coupled  Transmission  Lines,"  IEEE  Trans. 
Micr.  Th.  Techs,  pp.  648-656. 

TOULIOS,  P.P.  and  KNOX,  R.M. , 1970,  "Rectangular  Dielectric  Image  Lines  for  Millimeter  Wave  Integrated 
Circuits,"  Western  Electronic  Show  and  Convention,  Los  Angeles,  CA. 


YAMASHITA,  E.  and  ATSUKI,  K.,  1976,  "Analysis  of  Microstrip-Like  Transmission  Lines  by  Nonuniform  Dis- 
cretization of  the  Integral  Equation,"  IEEE  Trans.  Micr.  Th.  Techs,  pp.  195-200. 


v\\\\\\\\\\\\\\\\\S 


wwww 


wwwwwwwwvww 


STANDARD 

MICROSTRIP 


COPLANAR 
WAVE  GUIDE 


INVERTED 

MICROSTRIP 


TRAPPED  INVERTED 
MICROSTRIP 


Figure  1.  Four  isolated  transmission  lines  analysed  using  loss  analysis 


Figure  2*  Three  partial  assemblies  of  a two-section  coupler  employing  edge-coupled 
microettip  with  a dielectric  overlay 
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DISCUSSION 


P.S.Hall.  UK 

Can  you  comment  on  the  effect  of  surface  roughness  ami  dielectric  inhomogeneities  on  the  losses  in  mictoatrip? 
Author's  Reply 

Surface  roughness  can  have  significant  effect  on  total  losses  in  microstrip  at  millimeter  wavelengths.  M V. Schneider, 
et  al.  (from  Bell  Labs.)  have  published  useful  information  (in  USTJ ) on  these  effects.  Dielectric  inhomogeneities 
have  not  been  treated  as  extensively.  Microwave  Associates,  Inc.  (for  example)  has  reported  experiencing  deleterious 
effects  above  40  GHz  due  to  inhomogeneities,  in  substrate  materials  (e  g..  Duroid). 
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IN  IKOIHK "MON 

There  lias  been  an  Increasing  interest  in  new  systems  tliat  will  utilize  the  siibiniUlineter  or  near  millimeter  wave 
spectral  region,  which  includes  wavelengths  between  approximately  100  pin  and  2 mm.  This  interest  is  stimulated  by 
the  steadily  improving  technology  base  for  sources,  receivers,  and  other  components  in  this  tiand.  lor  example, 
Immlreds  of  new  laser  sources  have  been  discovered  in  the  past  several  years  with  powers  of  10-1110  mW  ew  and  0.1-I.U 
MW  pulsed. 1 Also,  several  groups  are  successfully  extending  low  noise  receiver  technology  into  the  submillimeter 
wavelength  region  using  junction  lyin'  detectors  ami  mixers.* 

This  paper  suminari/.es  recent  research  at  our  lalHirntory  related  to  millimeter  and  submillimeter  applications. 
I'he  emphasis  has  been  on  laser  sources  ami  wideband  junction  detectors,  and  highlights  of  our  work  will  tie  presented  on 
(I)  developing  ew  laser  sources  Ilia!  operate  lad  ween  1 110  pm  and  l.&pm,  ' ‘ (2)  extending  Schottky  barrier  mixer 
dliale  operation  to  Tit/,  frequencies, *'*’  H and  U)  developing  a new  cryogenic  variation  of  the  Sehottky  diode.'*  * * This 
latter  device,  called  the  super  Schottky  diode,  employs  a super  conduct  lug  contact  to  a heavily  doped  semiconductor, 
and  is  the  most  sensitive  detector  of  microwave  radiation.**’**  Prospects  for  extending  this  record  performance  to 
NMMW  frequencies  are  discussed. 

OPTIt'AM.Y  PUMPlilU'W  I, ASI'.HS 

The  development  of  the  sulimillimeter  spectral  region  has  been  hampered  by  the  lack  of  coherent  sources.  This 
region  typically  utilizes  a hlend  of  technology  from  the  optical  infrared  and  microwave- millimeter  wave  regions.  The 
small  dimensions  and  subsequently  strict  tolerances  required  for  conventional  waveguide  cavity  structures  have  slowed 
the  extension  of  microwave  cavity  oscillators  to  these  frequencies.  The  availability  of  good  sources  improved  markedly 
with  the  successful  development  of  quantum  electronic  techniques*"*  for  generating  submitltmetrr  and  millimeter  wave 
laser  emissions.  Our  efforts  have  concentrated  on  developing  ew  sources,  at  the  111-10'*  mW  level,  that  are  suitable  as 
transmitters  or  as  local  oscillators  in  receiver  systems. 
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The  problem  of  generating  laser  radiation  stems 
from  the  small  energy  separation  between  the  lasing 
levels,  typically  much  less  than  kT.  Wavelengths  of 
too  pm  1000  pm  correspond  to  energies  of  III  * 10  eV. 

I.lcctrical  discharge  and  chemical  excitation  of  the  upper 
laser  state  are  not  feasible  because  of  the  poor  selectivity 
of  the  pumping  process.  However,  a very  useful  approach 
was  Invented  in  1070*'*  that  consists  of  optically  pumping 
polar  molecules  with  an  efficient  infrared  laser  such  as 
rt>„.  I'he  liasie  process  is  illustrated  in  Fig.  I.  The 
accidental  near  -coincidence  t • 100  Mil/)  between  a vibrti 
tional  rotational  absorption  line  of  a polar  molecule  and 
the  infrared  laser  line  leails  to  selective  population  of  a 
particular  rotational  sublevel  in  an  excited  vibrational 
slate.  The  subsequent  population  Inversion  between  adja 
cent  rotational  slates  and  the  large  transition  matrix 
element  provided  by  the  permanent  moment  of  the  mole- 
cule produces  high  gain  (0.1  1.0  m *)  and  laser  emission 

on  pure  rotational  transitions  throughout  the  40  pm  - i 
mm  spectral  hand.  This  specific  and  selective  excitation 
technique  overcomes  the  difficulty  of  creating  an  Inver 
slon  tie! ween  closely  spaced  levels  and  the  technique  Ivis 
proven  to  he  very  universal  with  approximately  1000  lines 
cataloged  to  ilate. **•*•’ 
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Figure  I.  Schematic  energy  level  diagram  of  polar 
molecule  showing  laser  pumping  at  10  pm  witli  subse 
quent  submillimeter  lasing  between  adjacent  rotational 
states  . I ami  J- 1.  Collisions  occurring  st  s rale  , ^ * 

tend  to  therinali/e  population  among  the  rotational 
levels.  Vibrational  relaxation  occurring  by  either  diffu 
sion  or  V TH  processes  Is  relatively  slow.  Pressure 
dependence  of  these  rates  limits  steady  state  inversion 
and  cw  operation  to  pressures  of  only  0.1  1'orr. 
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besides  the  development  of  a fundamental  under- 
s(Mii<1iit|T  of  the  laser  dynamics'1''* ' our  research  lias 
stressed  the  development  of  laser  structures  that  are 
optimal  for  the  optically  pumped  suhmilllmeler  Insor 
process  . The  Insor  takes  on  n rolntivoly  simplo  strue- 
turnl  form,  consist Ing  of  n eell  with  mirrors  nt  on cli  end. 
The  pump  radial ion  is  admitted  through  n smnll  hole  in 
one  of  the  oust  mirrors,  and  the  socoiut  mirror  enn  nlso  tie 
n "hole  coupler"  or  n more  sophist  tea  tod  hybrid  coupler 
which  permits  n frnction  of  the  Insor  mode  energy  to  he 
coupled  out  while  confining  the  pump-radtation  within  the 
coll.  Vho  envity  must  l>e  low  loss  mui  mode  selective  nt 
the  nenr  millimeter  Insor  wavelengths  mui  nlso  low  loss 
for  the  Injected  pump  rntlinfion.  The  typical  absorption 
eoefficients  of  tlH’  polar  gases  arc  lU'b/m  at  fie  laser 
oporating  pressure  and  thus  the  pump  must  make  several 
pusses  inside  the  laser  resonator  for  efficient  absorption. 
The  host  performance  has  been  obtained  using  hollow 
dielectric  wavrguiites  and  this  work  is  summarised  in 
Table  1. 


TABLE  I 

Summary  of  Strong  ew  laser  Transitions 
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It  is  cl*  a.'  from  Table  l that  performance  is  significantly  worse  for  wavelengths  longer  than  500  pm  with  the 

I *1 

notable  exception  of  the  1222  pm  line  lit  t'  *M.F.  there  is  no  theoretical  basis  to  expect  efficiency  to  decline  with 

” |d 

wavelength,  hut  our  efforts  to  improve  the  millimeter  wave  performance  of  these  lasers  have  been  disappointing. 
Only  a few  lines  are  observed  in  laser  structures  optimised  for  millimeter  wave  operation.  Since  the  percentage  of  the 
cataloged  transitions  tliat  exhibit  strong  performance  ias  defined  by  the  list  in  Table  l)  is  very  small,  it  is  reasonable  to 
continue  the  search  for  millimeter  wavelength  lasers.  Certainty  a collection  of  millimeter  laser  lines  with  performance 
comparable  to  the  1222  a1"  line  would  lie  valuable,  since  the  availability  of  those  sources  would  tie  widespread  and  this 
would  spur  the  technology  development. 

Significantly,  even  the  host  reported  performance  * ” for  optically  pumped  lasers  Is  still  an  order  of  magnitude 
less  than  the  maximum  allowed  theoretically.  In  mathematical  form,  the  efficiency  of  converting  infrared  pump  power 
P into  near  millimeter  power  P is  determined  from  rate  e*|iiation  modeling  to  be' 1 
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where  \ is  tlie  volume  of  active  medium,  »■  the  frequency  of  pump  radiation,  *■  Hie  frequency  of  the  generate*!  laser 
radiation,  T the  mirror  transmission,  A the  cavity  loss  for  submillimeter  radiation,  ■»  the  absorption  coefficient  for  the 
pump,  1.  the  cavity  length,  and  a^  the  cavity  losses  at  the  pump  wavelength.  The  meaning  of  the  parenthetical  terms  is 
straightforward!  the  first  term  expresses  the  Manley  Howe  limit  or  maximum  power  conversion:  the  second  term  is 
simply  the  pump  power  injected  Into  the  cavity:  and  the  next  Iwo  terms  express  Hie  cavity  efficiency  at  the 
xuhmillimetcr  and  pump  wavelengths,  respectively.  Most  of  the  Improvement  in  cw  laser  performance  is  attributable  to 
increasing  the  cavity  efficiency  at  the  pump  and  far  infrared  wavelengths.  Tor  example,  significant  fruitful  efforts 
have  resulted  in  developing  output  coupling  mirrors  that  efficiently  reflect  the  pump  radiation  but  allow  a fraction  of 
the  far  infrared  laser  mode  to  lie  transmitted.  With  few  exceptions,  typical  values  o.  o at  the  laser  operating  pressure 
are  O.t  in  1 so  that  the  cavity  losses  at  the  pump  wavelength,  a , must  lie  kept  low  for  efficient  conversion.  This  is  the 
stringent  condition  on  cavity  design,  especially  when  low  loss  is  required  simultaneously  for  two  wave’eegths  whoso 
ratio  is  10  1 tin.  Further  work  is  necessary  to  account  for  the  present  efficiency  limitations. 


If  true  cw  operation  is  not  essential,  one  can  increase  the  submillimeter  output  power  by  pulsing  tin-  CO*  pump 
laser.  For  example,  pulses  200  psoo  FIVIIM  liave  been  generate*!  at  the  1-2  Watt  level  for  several  lines  in  the  100-300 
ji;n  region.  This  quasi -cw  mode  of  operation  is  useful  for  studying  transient  phenomena  or  to  increase  peak  power  for 
nonlinear  experiments.  It  is  also  possible  to  actively  or  passively  -switch  the  l (T,  laser  and  generate  0.3  pscc  pulses 
at  the  0.1  ktv  level. 


Finally,  it  is  worth  comparing  cw  laser  sources  to  other  sources  In  the  hand.  As  seen  from  Fig.  2,  the  laser 
souree  Is  dominant  at  the  short  submillimeter  wavelengths,  but  probably  over-matched  at  wavelengths  longer  than 
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\ mm.  IN’  Ihmt  suffers  fr\>ui  Nek  of  tuuability,  but 
exhibits  exs'cllcnt  qieotrnl  purity.  Free  running  laser 
line* ult hs  «re  less  than  1 kllr  Mini  (these  locking  oan 
pro  v isle  very  |trecise  frequency  stabilization.  fhe  mnnlter 
of  available  strong  User  transitions  shoulO  increase  amt 
eveuluNlly  i»rovKle  » riv'h  spectrum  of  iliscrete  frequencies 
with  power  iH'nr  tlie  100  nib  level. 

Si  llOlTKY  l«AKKIl  K SI  HMII  I IMU  KK  bA\l  Ml\l  KS 

«.>f  the  various  tVvIce*  explores!  hs  mixers  «l  suit 
millimeter  wavelengths,  the  ScN'ttky  barrier  dhxle  lies 
rt'Ct'ivetl  IN'  greatest  Mttent Ixmi.  Its  inherent  sensitivity, 
wnte  hamtwiitth,  rxxtni  temiterature  opeNitioti,  ami  me 
s'banioal  stability’  make  it  an  attractive  ctioice  for  a 
variety  of  system  applications. 


Figure  2.  Comparison  of  cw  sources. 


I'Ih'  Schott ky  -barrier  duxte  stevelsycsl  in  this  lalxtratory  consists  of  a metal  contact  deposited  on  a semiesmduetor 
substrate.  Its  current  voltage  tl  \ 1 characteristic  is  given  to  a gomt  approximation  by 


1 ‘o  (PV‘'  nk\  •>)  11) 

where  q is  the  eleoromo  charge,  T is  the  temperature,  k is  ItoUrmaiiN  constant,  i is  the  saturation  current  which  is 
ileterminest  by  the  area  amt  material  parameters  of  the  diixle,  ami  n is  the  uleality  factor  which  is  approximately  unity 
for  low  to  moderately  skipcst  materials.  This  highly  non  linear  relationship  between  1 ami  \ is  responsible  for  IN’ 
success  of  the  ScN'ttky  Ouxle  as  a detector  amt  mixer. 

IS 

Vhis  diode  operates  as  a mixer  in  a fashion  typical  of  IN'  rectifying  type  of  diode.  ' A large  1.0  voltage  is 
impressed  on  the  diode  to  obtain  a tune  dependent  conductance  gttl  which  is  periodic  in  the  l O frequency  f(.  In  the 
presence  of  a signal  voltage  at  frequency  f^,  currents  and  voltages  are  generated  at  the  intermediate  frequency  f^ 
f(  f . | For  example,  analytically  a sinusoidal  IF  current  is  produced  from  the  product  of  the  sinusoidal  signal  voltage 
amt  tlie  fundamental  Fourier  component  of  git). I For  low  1,0  powers,  tlie  efficiency  of  this  conversion  process  is  a 
strong  function  of  q\  ^ nkV,  where  \ ^ is  the  amplitude  of  the  impressed  1.0  voltage.  At  large  1.0  power  the  conversion 
efficiency  of  the  device  saturates  at  a value  determined  by  IN-  impedance  terminations  at  its  input  and  output  ports. 

live  ssmsitivity  of  a mixer  t receiver'  expressed  as  the  minimum  detectable  power  MOl'^lMl'T'^)  is 
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wN're  It...  is  the  II  bandwidth,  and  I'  O'  I is  the  mixer  (receiver)  noise  temperature  given  by 
II  lit  it 
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and 
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I Is  the  cimversum  hvss  of  the  mixer,  defined  as  the  ratio  of  available  power  from  tlm  HI  source  to  tlie  power  alvsortiesl 

c 

in  the  IF  load.  and  T(f,  are  the  noise  temperatures  of  Ihe  mixer  diode  and  IF  amplifier,  respectively.  Hence  in 
fabricating  a mixer,  iitmoat  attention  must  lie  paid  to  minimizing  l.  . 


Conversion  loss  of  a mixer  in  a tunable  mount  is  conveniently  expressed  as  tlie  product  of  three  terms 
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The  intrinsic  conversion  toss  l„  is  tlvnt  toss  srising  from  the  conversion  process  within  tlie  nonlinear  resistance  of  tlie 
diode  and  Includes  the  impedance  mismatch  losses  at  the  KF  and  IF  (xirts.  l.()  as  a function  of  qV(  nkT  for  a properly 
terminates)  atnuaoMally-pumpcst  liroadhand  mixer  is  sNiwii  in  Fig.  3.  Vhe  1.^  of  s Sehottkv  Ivarrier  mixer  lias  been 
recently  analyzes!  as  a function  of  diode  diameter,  Impeslance,  temperature  and  tlie  Kicliardaon  eswstant  of  IN- 


Figure  3.  Intrinsic  convmion  loss  as  a f um' turn  of  IoohI 
oscillator  drive  for  h Sehottky-barrier  mixer  with  opti- 
mum coupling. 


Figure  4.  Kqutvalent  circuit  of  a Schott ky  harrier  diode. 
H ami  r are  the  parasitic  spreading  resistance  amt 
Juliet  nut  capacitance  amt  N is  the  signal  input  impedance 
of  the  local  oscillator  pumped  nonlinear  resistance. 


quantities  is  reduced.4*  The  RF  and  IF  parasitic  losses, 
l.j  and  l.j,  respectively,  are  llxne  losses  associated  with 
the  parasitic  elements  of  the  diode.  These  are  given  by 

K . . 

L.  * 1 ♦ R-  ♦ w*C*R  17) 

and 

4 * 1 4 

where  R^  and  r arc  the  parasitic  spreading  resistance 
and  junction  capacitance,  respectively,  as  shown  in  the 
equivalent  circuit  in  Fig.  4,  w is  live  signal  angular 
frequency,  and  Rs  is  the  resistance  which  results  from 
the  crowding  of  the  current  in  l lie  semiconductor  near 
the  metal  contact.  It  is  the  signal  input  impedance  of 

the  local  oscillator  pumped  nonlinear  resistance,  and  It., 

2 * 

is  the  IF  load  impedance.  The  io  dependence  of  the 

third  term  in  F.q.  (7)  is  principally  responsible  for  the 

degradation  in  the  performance  of  Sohottky-barrier 

mixers  at  high  frequencies.  However,  both  l.(  and  l.., 

are  geometry  and  material  dependent,  and  it  is  by 

manipulation  of  those  factors  in  the  design  of  tla'  diode 

that  one  reduces  L at  high  frequencies. 

A straightforward  method  for  minimising  the  thirst 
term  in  Kq.  (71  is  to  reduce  Capacitance  is  proper 
tional  to  area,  and  contact  diameters  of  I to  2 pm  are 
commonly  obtained  by  photolithographic  techniques.  A 

dimension  of  I pm,  however,  is  near  the  photolitho- 
graphic limit.  Using  electron  lithography,  diameters  as 

? 

small  as  0.1  pm  have  been  obtained.  Submicron-stre 
diodes  are  useful  in  open  or  nontunahlc  mounts  as  single 
contact  diodes  and  in  tunable  mounts  as  multiple  contact 
(contact  array)  diodes.  This  latter  geometry  is  discussed 
below. 

The  loss  terms  in  liqs.  (7)  and  (01  are  proportional  to 
R^,  which  in  turn  is  inversely  proport  ion  a I to  the 
mobility  of  the  semiconductor.  N-type  C.aAs  has  a large 
mobility,  operates  at  room  temperature,  and  is  com- 
mercially available.  Nearly  all  millimeter  and  submilli- 
meter wave  Schottky  diodes  utilise  this  material. 


The  optimised  mixer  includes  a Sohottky-barrier  diode  situated  in  a structural  mount  whose  functions  arc  to 
provide  the  proper  imbedding  circuit  to  efficiently  couple  radiation  to  the  diode,  tune  out  the  capacitance,  l',  and 
couple  the  IF  ami  do  signals  to  Hie  diode.  The  single-mode  waveguide  mixer-mount  is  the  standard  mettled  at 
microwave  amt  millimeter  wavelengths,  but  the  small  dimensions  required  for  submillimeter  operation  make  the 
fahrioattev!  difficult  at  frequencies  htghcr  than  30(1  tills  and  nearly  impossible  beyond  h00  tills.  The  fabrication  and 
assembly  difficulties  encountered  duruv  our  studies  with  a single-mode  mount  at  K00  tills  have  provided  the  incentive 
to  try  alternate  approaches.  It  is  clear  that  a reconfiguration  of  the  point  contact  antenna  geometry  is  necessary  in 
order  to  provide  optimal  coupling  between  the  submillimeter  radiation  field  and  the  mixer.  Since  dimensional 
tolerances  inhibit  traditional  microwave  fabrication,  it  is  natural  to  consider  using  "integrated  optical"  techniques  and 
fabricate  monottthtcally  integrated  mixer-diode /micro-antenna  structures  and  work  toward  this  goal  is  now  in 
progress  m our  lab. 
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l he  per for wmnce  of  the  super  SotutUv  mixer,  line  « comeMlum*l  Schottky  mixer  iluxlr,  in  Directly  relatn  to 
the  lienee  of  nonlinearity  of  1 1 > I S characteristic.  Iho  I \ eurve  of  either  vluute  own  In*  represented  over  the  voltage 
range  of  interest  hy  ‘ 


I i^explSV  ) 

whore  i ^ in  iletormmed  hy  the  geometrical  amt  material  pnr*.meler>  of  the  dust*.  t he  parameter  S,  a measure  of  t tie 
nonlinearity  of  the  diode,  can  Ik*  ex^essed  approximately  «>"' 

S q MT  • M UO) 

where  l x \>  an  empirical  constant  which  measures  the  deviation  from  ideal  behavior,  and,  ns  such,  in  of  central 
importance  in  the  determination  of  tlu*  seiiNittvity  of  ttie  diode  as  either  n video  detector  or  mixer.  Numerically,  l‘q. 
IU»  l»eooi.w  n 


S 1 1 ,i*00  1 1 • M volt. 

o 


Ul> 


lteth  oxponmentaUv  amt  theoretically  for  super  Schottky  Otoues  rop^rlcd  hy  our  group,  l ^w  t K if  k l w q A where  Ji 
tho  Mii*eroointue? mg  energy  gap  parameter.  therefore,  S q k 1'  is  a gwd  approximation.  Iho  value  of  l for 
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Sohottky  l\amors  on  n tvpe  i.a  As  in  greater  ttwm  4u  K.’  ’ i ompnrtng  a conventional  Sctiottky  mixer  with  a super 
Sohottky,  tu't h o|*er  itmp  at  l h,  implies  greater  than  a 40  to  l improvement  m diode  noise  temperature.  This  reduction 
m noise  will  prvHiiice  a correst’Ottdmg  impivvement  m sensitivity,  if  the  conversion  loss  of  the  super  Sohottky  is 
equivalent  to  that  of  the  convent lonal  Sctiottky.  \s  discussed  tvlow,  inversion  loss  is  a najor  problem  for  the  supper 
Sohottky.  because  of  tlie  relatively  Itmilen  l v > voltage  range,  the  uesign  crilerni  for  obtaining  low  conversion  losses 
are  stringent. 


\t  the  present  time  the  Miper  Sohottky  dude  lias  been  established  as  the  most  sensitive  detector  of  microwaves 
m tvth  the  vuieo  aiul  mixing  modes  of  operation.  Measurements  at  \ band  have  yielded  a vuieo  Ni  l'  of  :*  \ 10 

i j*  i .j 

I « ‘ itn.1  « nitx.'i'  ii.'im*  1.'  .ip.-i.itinv  of  o U lor  I'h  .<  v III  ' p .mV*.  Hit'  oonvursion  loss,  ,\i  OH,  in  .'.'MjK'st'P  of 

i()  t>  «ih  hihi  i . i...  <m. 


I'lto  prospivl*  for  tinpivvmi:  tlv  fiv.tuonuy  tv 
njh'hno  of  iho  siiivr  Sohottky  .Ii.hI.'  roly  on  rov'uomj;  l ) 
without  ito(ir:nlmj|  1^  or  1 , osnodI itilly  .mniiiiitin^  |vmhi 
niIio  lovM-s,  l'o  nolnovo  this  o,o, ■! I :i  nmltn'lo  ivnlnot  >IhhIo 
«rrM>  is  lionic  iVvoloynti.  Iho  ro^inror!  nunlo  lni|'is:,nnoo  is 
ohl.-unoO  f>\  mnkin^  niHiiy  iIuhVs  in  (Virnllol  with  Iho  <mno 
totrtl  nofivo  nron.  I i|i.  t»  shows  tin'  jiroiliofi'.!  I ^ for  iHi  ,» 
\ III1’'  om '*  (i  i,ii\s  t vi so. I on  tho  fnhriosl i.mi  loohnoliyy 
irso.1  in  tin'  nnvisiiroinonts  rviH'i  to.l  onrlior. * Uoonnso 
of  tho  vory  Inryfi'  ('orn'hor.'il  nron  Hint  tho  sin, -ill  .Itinonstons 
mvolviV.  now  i'rohlo;iis  mo  oiiooimtoro.l  mill  toolmi.iiios 
for  ovor.s.niini;  thorn  nr>-  still  tviim  ilovoU^v-.t.  V linonr 
.li.vlo  «rrm  nn.lor  .loiolotnnont  is  shown  in  I ijj.  : with  tho 
insiil.-itint;  l«yor  ri'inoviwl  for  inspootnMi. 1 t'lio  ohmto 
oontnol  will  lv  inmlo  to  inotnl  strips  pis  to.  I tvtwoon  tho 
“string  of  posrls"  .Iuhio.  I'ontsot  sKvig  tho  olmm  is 
sooomplisho.l  l'>  ovorplstnii;. 


I'Httiro  t>,  rro.hoto.1  (virssitio  oonvorsion  l.vss  for  mutt i 
oonlitot  .IiihIo  srrsy  of  l’h  i>  ils  -Vs, 


I'srsllol  offorls  to  ro.ln.v  sml  to  nuvljfy  tho  limnrlmn  Nirnor  sro  sis.'  in  pr.'pross.  \yt-  Ivuo  Ivon  tthlo  to 
ri'iltioo  tho  Ivtrrtor  on  p llu  As  hy  ISO  m\  hy  ohoinlosl  trostmont  of  tho  snrfsoos  to  lowor  tho  ils  As  rstto  siul  inorosso 
tho  \*  \>  surfsoo  orwv.  linking,  tins  trostmont  is  .nvisistont  with  our  uloutroplstiii);  ohoimstry  thus  pro.iuout£  s lowor 
litHv.lsn.sr  .Invlr.  (f  or  n tlsAs  this  toohnmuo  rsisos  tho  Ivirrior  ISO  m\ t horoforo  wo  osn  oxpoot  s stnglo  t'h  p v'.sAs 
itnslo  to  porform  ns  woll  »t  .1,1  illlr  ss  situ  tlv  provions  iVvhv  nt  l>  yihf.  Sunilsr  iinpivvomont  in  tho  multi  .Hvitsot 
srrsy  osn  tv  r\|Wi't«l  si  htjtl'or  fro.|iionotos. 


lor  100  i, Hr  suit  highor  fro.nvnoy  stvhostion,  n tnSh  is  .nvisntoriH1  to  ho  su  ntosl  somio.vwlnotor  sutvstrsto 
tvosnso  of  its  hi^h  mohUity  suit  s nsll  tvn.tpHp,  I'ro.lioto.l  I vsluos  ovton.l  tho  iuvrstm*;  rsn^o  to  srvorsl  hinwfro.1 
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As  • first  step  toward  realising  sensitive  receivers  at  subinillimeter  frequencies,  we  measured  the  sensitivity  of 
submicron  diameter  Schottky  barrier  diodes  in  open  untuned  mounts.  In  this  configuration,  the  diode  performance  is 

j 

dominated  by  C~d  and  thus  submicrodimensional  structures  appeared  favorable.  It  is  implicit  in  the  above  statement 
that  Rs  and  (we)  1 arc  much  less  than  the  antenna  impedance  and  this  assumption  is  consistent  with  our  measurements. 

The  radiation  was  focused  onto  the  whisker  contact  which  served  as  a long  wire  antenna.  This  work  has 
compared  the  video  and  heterodyne  sensitivities  of  diodes  approximately  0.25  and  0.5  pm  in  diameter.  The  0.25  pin 
diodes  were  fabricated  on  4 x 10*  'em'3  n-UaAs  using  a new  high  field  pulse  plating  (HFPP)22  technique  which  we 
developed  in  order  to  achieve  extremely  uniform  electro-deposition  of  plated  contacts  to  semiconductor  surfaces.  The 
method  of  diode  formation  is  by  electroplating  the  small  diodes  through  "windows"  in  a protective  overlayer  on  the 

surface.  The  uniformity  of  conventional  dc  plating  is  poor,  and  results  in  values  of  11 . well  above  theoretical.  With  the 

22  s 

high  field-pulsed  plating  technique,  however,  theoretical  values  of  and  uniform  deposition  for  contacts  as  small  as 
1200  A diameter  were  achieved. 

The  performance  of  these  new  diodes  is  contrasted  in  Table  2 and  Pig.  5 to  our  previously  published  measure- 
ments8’1 on  0.5  pm  dia.  diodes  on  5 x ll)18cm  ‘'n-tlaAs.  The  relative  video  response  versus  frequency  is  difficult  to 
interpret  because  the  long  wire  antenna  gain  was  not  held  constant.  However,  it  is  obvious  that  the  short  wavelength 
response  is  much  improved  with  the  0.25  pm  diode.  For  wavelengths  shorter  than  100  pm,  the  response  of  both  diodes 
drops  sharply  and  the  mechanisms  responsible  for  this  are  still  the  subject  of  study. 


TABLE  2 

Summary  Of  Video  and  Mixer  Performance  For  Submicron 
Schottkys  at  119  pm  in  an  Open  (untuned)  Mount. 
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With  the  addition  of  a back  reflector  to  improve 
23  ‘i  4 

the  coupling  to  the  diode,  ' * it  should  tie  possible  to 
improve  the  sensitivity  by  one  or  two  orders  of  magni- 
tude. Thus  relatively  simple  structures  employing  sub- 
micron dimensional  Schottkys  should  provide  low-noise 
room  temperature  receivers  throughout  the  submillimeter 
to  frequencies  approaching  3 THr.. 


I IH.O 


Figures.  Summary  of  video  data  for  0.5  and  0.25  > dia. 
Schottky-barrier  diodes  in  an  open  (untuned)  mount. 


SUPER-St  HOTTKY  MIXERS 

For  situations  demanding  extreme  sensitivity,  a cooled  receiver  can  offer  superior  performance.  One  type  of 
cooled  device  which  has  been  successfully  demonstrated  in  our  laboratory  and  which  has  great  potential  for  both  video 

Q.  I 9 

and  heterodyne  detection  at  near  millimeter  wavelengths  is  the  super-Schott ky  tunnel  diode,'  a variant  of  the 
Schottky  diode  in  which  the  metal  contact  to  the  semiconductor  is  a superconductor,  t'urrent  flows  via  electron 
tunneling  across  the  natural  surface  barrier  in  a heavily  doped  semiconductor.  The  principal  advantages  of  these 
devices  are  the  control  and  stability  of  the  surface  barrier,  particularly  in  the  high  conductance  regime  required  for 
high  frequency  applications,  high  intrinsic  efficiency,  and  low  noise.  Disadvantages  are  parasitic  lasses  in  the 
semiconductor  and  incomplete  control  of  the  surface  properties  of  certain  semiconductors. 


In  the  conventional  Schottky  diode,  it  is  desirable  to  have  thermionic  emission  and  thermally  activated  tunneling 
dominate  over  pure  tunneling  in  order  to  realise  the  greatest  nonlinearity.  The  resulting  forward  biased  exponential 
electrical  behavior,  Eq.  (2),  is  a result  of  these  thermally  stimulated  mechanisms.  On  the  other  hand,  the 
super-Schottky  diode  is  a pure  tunneling-dominated  device  which  also  obeys  Eq.  (2)  as  a result  of  the  thermal 
distribution  of  electrons  In  the  heavily  doped  semiconductor.  In  order  for  tunneling  to  dominate  the  diode  conductance 
and  provide  an  efficient  impedance  match  to  microwave  networks,  the  space  charge  barrier  must  be  small. 


HI 
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Figure  7.  Photograph  of  linear  contact  array  Schott ky 
harrier  diode.  Insulating  layer  nominally  present  has  been 
stripped  away  for  accurate  observation  of  diode  structure. 


Figure  8.  Superconducting  energy  gap  effect  on  l-V 
curve  of  Pb/Au/n-lnSb  junction  at  1.4  K. 


Figure  10.  RF  Parasitic  loss  vs  frequency  for  a Pb/n- 
InSb  Super-Schottky  diode. 


till/.,  essentially  to  tlie  limits  imposed  by  the  super- 
conducting energy  gap  and  the  quantum  limits  at  cryo- 
genic temperatures.  The  problems  encountered  with 
InSb  are  barrier  formation  and  surface  leakage.  Harrier 
heights  are  generally  of  the  order  of  the  twindgap. 
Therefore  we  expect  to  utilize  this  small  barrier  in  InSb 
to  make  wide,  low  impedance  junctions.  The  very  high 
mobility  at  helium  temperatures  would  essentially  elim- 
inate the  series  resistance. 

Most  metals  make  ohmic  contacts  to  n-lnSb. 
Hold  is  an  exception.  We  have  been  suecessful  in 
fabricating  a super-Schott  ky  mode  using  a thin  inter- 
face of  Au  between  the  Pb  electrode  and  n-lnSb  IFig. 
8).  however,  we  consider  this  to  be  a difficult  and  low 
yield  technique  for  obvious  reasons.  Using  chemical 
surface  manipulation  along  the  lines  mentioned  above 
for  p-HaAs,  we  have  fabricated  supcr-Schottky  tunnel- 
ing diodes  on  n-lnSh.  In  this  case  we  want  an  Sb  rich 
surface  and  must  be  careful  to  avoid  destroying  the  Sb- 
Sb  cross-linking.  Fig.  9 shows  the  Pb  energy  gap 
observed  by  t mneling  through  a Sehottky  harrier  on 
n-lnSb.  We  believe  that  this  type  of  diode  will  com- 
pletely satisfy  the  requirements  for  millimeter  and 
submillimeter  wave  low  noise  detectors.  Fig.  10 
projects  the  parasitic  loss  term  for  Pb/n-lnSb  operating 
at  1 K. 

This  work  was  supported  by  The  Aerospace 
Corporation  and  under  DOF  and  ONR  Contracts. 


Figure  9.  Super-Schottky  l-V  characteristic  for  n-lnSb. 
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ABSTRACT 

The  purpose  of  this  presentation  is  to  discuss  key  topics  related  to  low  noise  mixers,  high  effi- 
ciency multipliers,  the  use  of  quasi-optical  techniques  to  reduce  circuit  losses,  and  the  development 
of  very  high-Q  devices  applicable  to  the  millimeter  and  submillimeter  wavelengths  (Calviello,  J.  A. 
and  Wallace,  J.  L. , 1976;  Calviello,  J.  A.  and  Wallace,  J.  L. , June  1977;  Calviello,  J.  A.,  Wallace 
J.  L. , andBie,  P.  R. , 1974).  ’ 

In  particular,  we  plan  to  describe  the  development  of  a highly  reliable  metalized  GaAs  Ta-Schottky 
barrier  diode  with  native-oxide  passivation.  The  zero  bias  cutoff  frequency  of  these  diodes  is  greater 
than  1000  GHz  when  measured  accurately  near  60  GHz  with  a zero  bias  junction  capacitance  near  0.1  pF. 
This  zero  bias  cutoff  frequency  is  approximately  twice  the  value  for  a comparable  nonmetalized  device. 

Using  these  very  high-Q  devices,  we  have  achieved  RF  performance  that  has  advanced  prior  state 
of  the  art.  In  frequency  multipliers,  doublers  (100-200  GHz),  and  triplers  (100-300  GHz),  * we  have 
realized  conversion  efficiencies  of  12  and  2 percent,  respectively.  The  CW  output  power  of  the  doubler 
was  18  mW  and  that  of  the  tripler  2 mW.  In  an  image  enhanced  mixer  at  35  GHz  with  an  IF  of  1 GHz,  we 
have  realized  conversion  loss  below  3 dB  including  0.6  dB  circuit  losses,  and  less  than  5.9  dB  noise’ fig- 
ure including  a 2-dB  IF  noise  figure  contribution. 

1.  INTRODUCTION 

The  ultimate  high  frequency  performance  of  components  in  which  Schottky  diodes  are  used  is 
limited  by  the  quality  of  the  devices.  For  example,  the  noise  temperature  and  conversion  loss  in  a 
mixer,  detector  sensitivity,  conversion  efficiencies  in  frequency  multipliers,  and  the  pump  power  nec- 
essary to  fully  pump  the  varactors  in  a parametric  amplifier  are  all  dependent  on  the  quality  of  zero  volt 
bias  cutoff  frequency  of  these  devices.  In  particular,  the  dependence  of  performance  upon  device  quality 
becomes  quite  noticeable  as  the  operating  frequency  approaches  and  goes  beyond  40  GHz. 

The  GaAs  Schottky  barrier,  to  be  described,  features  tantalum  Schottky,  with  an  overlayer  of 
gold,  and  GaAs  native  oxide  junction  passivation  for  high  reliability  and  high  power  handling  capability. 

In  addition,  a novel  metalization  technique  is  described  which  minimizes  the  substrate  skin  effect  con- 
tribution thus  making  it  able  to  almost  double  the  Q of  these  devices  and  thereby  improve  system  per- 
formance when  operating  at  very  high  frequencies. 

The  design  and  fabrication  of  such  devices,  its  reliability  and  techniques  to  accurately  measure 
the  cutoff  frequency  near  the  operating  frequency  (De  Loach,  B.  C. , 1964),  and  RF  performance  achieved 
to  date  is  described. 

Using  this  device  technology,  the  development  of  novel  and  more  advanced  device  structures,  in 
a beam  lead  configuration  with  minimum  parasitic  capacitance  and  comprised  of  multiple  junctions  on 
the  same  semi-insulating  substrates,  also  adaptable  to  monolithic  circuit  integration,  is  presented 
(Calviello,  J.  A.  and  Wallace,  J.  L. , November  1977). 

The  use  of  quasi-optical  millimeter  wave  components,  to  achieve  low  loss  and  to  overcome  the 
small  size  and  high  tolerances  of  conventional  millimeter-waveguides  that  restrict  the  design  and  per- 
formance of  ordinary  waveguide  components  is  summarized. 

2.  THE  METALIZED  QUASI- PLANAR  CONFIGURATION 

The  very  high-Q  of  these  devices,  approximately  twice  the  Q of  a conventional  unmetalized  de- 
vice, was  achieved  by  minimizing  the  substrate  resistance  contribution  (Calviello,  J.  A.  and  Wallace, 

J.  L. , 1976)  arising  from  skin  effect  which  plays  a dominant  role  at  these  very  high  frequencies.  The 
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.skin  effect  contribution  was  reduced  l»v  metaltztng  the  total  substrate  N.  surface  (Figure  1)  to  within 
10  to  20  microns  of  the  Junction  periphery.  The  metalizatton  Involves  the  evaporation  ami  sinter  alloy 
ing  of  a 700A  tie  Au  layer  followed  by  the  evaporation  of  a gold  overlayer  whose  thickness  was  greater 
than  the  skin  dejith  at  the  intended  operating  frequency. 

The  reliable  Ta  Schottky  junction  and  native  oxide  |>asstvatton  in  a quasi-planar  ((Jl'ANAIt)  con- 
figuration  (Calvtello,  .1.  A.  and  Wallace,  .1.  L. , June  10771  has  been  used.  The  ability  of  the  tantalum 
to  withstand  ohmic  contact  sinter  alloying  temperatures  has  made  possible  the  successful  development 
of  the  metaltzed  structure.  This  was  a necessary  and  sufficient  condition  to  achieve  a low  resistivity 
ohmic  contact  near  the  Junction  periphery  without  detrimental  interdiffusion  effects  between  the  tanta 
lum  and  GaAs  active  elplayer.  in  addition,  the  native  oxide  Junction  passivation  (Calvtello,  J.  A.  and 
Wallace,  J.  1.. , June  1077'  further  facilitated  the  fabrication  of  a highly  reliable  structure  thus  dras- 
tically reducing  the  need  for  photolithographic  processing  and  costly  Instrumentation.  Also  using  the 
quasi-planar  configuration,  it  is  |>ossihlc  to  mini  mi  re  high  fields  near  the  Junction  periphery  and  thus 
becomes  ca|>able  to  achieve  near  ideal  devices'  characteristics. 


2.1  Background  and  Analysis  of  the  Met  all  red  Structure  . 

The  resistivity  of  n-type  liaAs  is  limited  to  about  l v 10~^  fl-em,  Which  corresponds  to  an  im- 
20  J 

purity  concentration  of  10  (cm  ‘ >.  This  doping  level,  on  the  other  hand,  is  not  easily  realizable  In 

practice.  Typical  values  of  resistivity,  achieved  to  date,  lie  in  the  range  of  H to  10  v 10'*(O-cml.  An 
approximate  relationship  relating  material  resistivity  to  carrier  concentration,  electronic  charge,  and 
mobility  (Sze.  S.  M. , I is  given  by  equation  l. 
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Skin  effect  is  well  known  and  its  de|iendrncc  on  material  resistivity  and  operating  frequency  is 
given  by  equation  2. 
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where  p Is  resistivity  in  O-cni,  and  f is  the  frequency  in  till/.  The  skin  depth  ft  is  then  given  in  cm. 

_ 

Fslng  epitaxial  GaAs  material  with  a substrate  resistivity  of  1 v 10  fl-em,  high  quality  GaAs 
Schottky  barrier  devices  have  previously  been  fabricated  (Calvtello,  J.  A.  and  Wallace,  J.  1..  , 

June  1977;  Calvtello,  J.  A.  and  Wallace,  J.  1..,  19741  and  achieved  zero  bias  cutoff  frequencies  within 
90  percent  of  the  calculated  values.  For  this  calculation  the  high  frequency  model  (Calvtello,  J.  A.  and 
Wallace,  .1.  1..,  19741  of  Figure  2,  showing  the  current  distribution  within  the  chip,  was  used.  The  cur 
rent  distribution  within  the  N-  layer  is  assumed  uniform.  The  total  device  series  resistance  It  is  given 
by  equation  3.  H 
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The  various  resistive  terms  including  the  skin  effect  (equation  l'  are  given  by  equations  4 through  9. 
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where  Jq(x),  J^(x)  are  the  Bessel  function  of  order  zero  and  one,  and  rc  is  the  contact  resistivity  of  the 
N+  ohmic  contact. 

For  a junction  capacitance  of  0.1  pF,  an  N-layer  carrier  concentration  and  thickness  of  1 x 10^ 

_3 

and  about  0.4  micron,  respectively,  and  a substrate  resistivity  of  1 x 10  fi-cm,  we  get  for  R^  and 
5 

£ R a value  of  0.  50  and  1.34  0,  respectively.  Other  parameters  for  this  calculation  are  given  in 
m=l 

Table  I.  In  addition,  it  is  found  that  the  sum  of  Rg,  R^,  and  Rg  contribute  almost  50  percent  of  the  total 
series  resistance. 


Table  I.  Calculation  Parameters 


N-layer  properties 

Device  dimensions  for 

1 x 10*  "*(cm  2) 

-4 

Junction  radius  a = 6.4  x 10  cm 

= 0.  4 to  0.  5 pm  (varactor) 

Chip  radius 

b = 7.  6 x 10  2 cm 

Nt  = 0.  2 pm  (mixer) 

Chip  height 

-3 

h = 7.  6 y 10  cm 

PN  = 2 x 10’2  O-cm 

Substrate  properties 

Metal  layer  property  (gold) 

Contact  resistance 

_3 

p^+  = 1 x 10  O-cm 

_5 

p = 5 x 10  O-cm 
m 

r = 2 x lO-6  O-cm2 
c 

= 3 pm  @ 280  GHz 

6 = 0.  22  pm  @ 280  GHz 

m 

« 6.  5 pm  @ 60  GHz 

= 1 . 4 pm  @ 60  GHz 

In  order  to  effectively  reduce  the  substrate  parasitic  series  resistance,  and  in  particular  Rg  and  R^, 
the  metalized  chip  configuration  has  been  developed. 

Figure  3 shows  the  distribution  of  current  at  high  frequencies  and  the  various  resistive  components 
associated  with  the  metalized  varactor  configuration. 

The  current  in  the  N layer  is  again  assumed  to  be  uniformly  distributed  and  to  flow  radially  outward 
in  a skin  depth  (6)  of  the  N+  substrate.  However,  due  to  the  low  resistance  metalization  just  outside  the 
mesa  cylinder,  the  current  initially  will  flow  within  the  substrate  skin  depth  (6)  and  gradually  through  the 
metal  contact,  thus  drastically  reducing  the  value  of  Rg  and  totally  eliminating  R^  and  Rg  resistive  terms. 

The  total  series  resistance  of  the  metalized  varactor  structure  is  then  given  by: 


R — RXI  + R, 
s N 1 


+ R2  + Rq  + Rj.f  + Rg 


(9) 


The  first  three  terms  are  given  by  equations  3,  4,  and  5.  The  term  Rq  is  derived  using  the  model 
shown  in  Figure  4.  The  resistive  term  RQ  is  due  to  the  current  flowing  from  the  N+  submesa,  within  a 
skin  depth  6g  through  the  metal-semiconductor  interface  and  into  the  metal  layer.  The  last  two  terms 
r and  Ra  express  the  resistance  due  to  the  submesa  N+  cylinder  and  a disk  in  the  N+  substrate  of  wall 
thickness  C and  height  6 , respectively.  The  magnitudes  of  the  latter  are  directly  dependent  on  the  fabri 
cation  procedures  being  used.  Ideally,  in  a well  processed  wafer  RjS|+  should  easily  approach  zero  and 


Hg  ran  bo  in  the  range  of  0.05  to  0. 1 ohm.  Using  the  model  ami  Its  electrical  equivalent  of  Figure  4, 
Rg  la  now  derived. 

For  a given  d , the  resistance  due  to  contact,  metal,  and  substrate  Is  given  by  equations  10,  11. 
and  12.  r 
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The  currents  lfl,  1(,  and  lj  are  related  by  equation  13. 
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Writing  the  loop  equations,  we  obtain  equation  14 
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by  taking  the  second  derivative  of  equation  14  and  using  the  following  relation 
we  obtain,  after  some  manipulation,  equation  15. 
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Thus  V is  a solution  of  Bessel  equation  with  imaginary  argument.  The  general  solution  is  given  by  equa 
tion  16. 


V(r)- AjJ0  litfrW  RjN0  U6rl  l»«' 

Applying  the  following  boundary  conditions 
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we  obtain  the  desired  equation  relating  VQ  to  IQ  as  shown  in  equation  21  and  RQ  • -j— 
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Typical  semiconductor  material  parameters  used  for  the  calculation  of  the  device  series  resistance  are 
given  in  Table  1. 

Applying  the  given  values  In  Table  l,  the  calculated  and  the  expert  mentally  achieved  device  total 
series  resistance  for  the  quasi -planar  conventional  structure  and  for  the  metalized  configuration  Is 
given  in  Figure  5.  A graph  of  the  theoretical  zero  bias  cutoff  frequency  [C  (01  > 0. 1 pFl  versus  the 

operating  frequency,  ranging  from  30  to  300  GHz  and  as  a function  of  Junction  capacitance  for  the  con- 
ventional and  the  ideal  metalized  varactors  and  mixers  Is  shown  in  Figures  6 and  7,  respectively. 

For  the  metalized  diode  structure  the  total  series  resistance  in  Figure  5.  given  by  equation  9,  is 
calculated  for  two  cases:  (1)  the  ideal  case,  It^  ( and  ll(,  equal  zero  and  (2)  using  the  values  of  the  actually 

realized  structure  where  R^(  was  approximately  0.  050  and  Hg  approached  0.150.  For  these  calcula- 
tions the  submesa  cylinder  height  wan  about  0.  5 micron  and  the  Nt  disc  wall  thickness  C,  as  shown  in 
Figure  3,  was  approximately  6 microns.  As  shown  in  Figure  5,  a very  good  agreement  has  been  real- 
ized between  the  theory  and  the  expert  mental  measured  series  resistance.  We  are  presently  improving 
the  device  processing  techniques  to  further  minimize  It-  t R„  and  thus  are  able  to  arhieve  even  higher 
cutoff  frequencies.  ' 

2.  2 Device  Fabrication 

After  necessary  chemical  lapping  of  the  epilayer  (Calviello,  .1.  A.  and  Wallace,  .1.  L. , June  1977) 
an  array  of  Ta-Schottky  contact  with  a gold  overlayer  is  evaporated  through  a bimetal  mask.  The  tanta- 
lum and  gold  film  thickness  was  1500  and  10, 000  A,  respectively.  SiOg  is  sputter  deposited  over  the  en- 
tire surface.  Using  photolithographic  techniques,  grids  are  chemically  defined  and  etched  into  GaAs^to 
facilitate  the  chip  separation  process.  A Ge-Au  layer  700  to  1000  A.  and  an  overlaver  of  about  3000  A of 
gold,  is  then  deposited  and  sinter  alloyed  at  440°C  for  a few  seconds  to  achieve  a low  resistivity  ohmic 
contact.  Depending  on  the  frequency  for  which  the  device  will  be  used,  an  additional  gold  layer  ranging 
In  thickness  from  30,000  to  70, 000  A is  deposited.  The  total  gold  thickness  should  Ik*  equal  or  greater 
than  the  skin  depth  at  the  operating  frequency.  Finnlly  the  junction  is  defined  and  passivated  (Calviello, 

J.  A.  and  Wallace,  J.  L. , June  1977),  Other  metallzation  schemes  such  as  Al,  Ag,  and  Cu  could  be 


a* 


used,  ho«w»r  (or  hl(h  reliability  device*  and  fur  puny  fabrication,  (old  in  preferred.  1'he  reanltanl 
batch  proceaaed  wafer  amt  the  crmia-aectlon  of  the  chip*  la  a how  n In  Fl(ui  o I.  Then*  < ht|ia  arc  then 
bonded  to  a copper  pin,  havtn(  a quart*  dielectric  In  the  ahape  of  a horaeahoe  or  alamtoft.  amt  addt 
tlonal  (old  la  electroplated  to  complete  the  (old  low  realatlvtty  electrical  path. 

A pre- etched  and  prenhaped  (old  ribbon,  approximately  0 0002  Inch  thick,  la  thermocompreaaton 
bonded  to  the  metallr.ed  quart*  land  and  to  the  (unction  ualn(  vartoua  continuation*  aa  ahown  In  Fl(\irc  8. 

2.  3 Device  Characteristic*  and  IVrformance 

Device  parameter*  auch  aa  quality  (actor,  barrier  hel(ht,  amt  paraattlc  element  valuea  lncludln( 
|Mcka(e  capacitance,  frln(ln(  capacitance,  and  aerlea  Inductance  are  *ummart*ed  In  Table  II.  The 
charactertatlca  of  (lie  Ta-Schottkv  junction  lnchuttn(  I lie  novel  native  oxide  paaatvathin.  rellabtlitv  teata 
to  date,  and  RF  performance  of  unmetallaed  device*  have  already  been  described  tt'alvtello,  J.  A.  amt 
Wallace,  .1.  1.. , .lune  18771  and  will  only  lie  briefly  aummarUed  at  the  preaent  time.  Table  III  a how  a 
the  reliability  reault*. 


Trble  II.  Varactor  (equivalent  Circuit  and  Tvptcal  Flement  Valuea 
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Table  III.  Reliability  Results 


[(a)  Diode  Chips 

Chips 

Temperature 

Time 

r i 

Failure 

(qty) 

(°C) 

(hour) 

Ambient 

(qty) 

40 

300 

500 

l 

Air 

None 

40 

200 

20,  000 

Air 

None 

(b)  Predicted  Lifetime 


Assumed  Activation  Energy 

Junction  Temperature 

100°C 

200°C 

1.8  to  2 eV 

>10®  hours 

>10®  hours 

Typical  I vs  V characteristics  are  shewn  in  Figure  9.  The  zero  bias  cutoff  frequency  was  mea- 
sured at  about  60  GHz  using  the  transmission  technique  (De  Loach,  B.  C. , 1964).  An  improved  pro- 
cedure (Calviello,  J.  A.  and  Wallace,  J.  L. , June  1977)  to  characterize  these  devices  by  this  technique 
has  been  employed  in  order  to  correct  for  the  usually  observed  optimistic  2 to  1 discrepancy  in  the  series 
resistance.  Transmission  loss  measurements  of  a varactor  with  a C.(0)  = 0.1  pF  are  shown  in  Figure  10. 

Equation  25  was  used  to  calculate  the  zero  bias  cutoff  frequency  and  subsequently  the  product  Rg  C.(0). 
Knowing  the  value  of  C^O)  at  1 MHz,  the  value  of  Rg  was  then  calculated.  ^ 


‘c(°»  ■ SB 


■ i 

C.(0)  " Af 
s i' 


fl  f2 
f2’fl 


(25) 


In  equation  25,  f.  and  f„  are  the  frequencies  at  the  3-dB  half  power  point  and  f is  device  resonant  fre- 

quency  as  designated  in  Figure  10.  Using  equation  25  to  calculate  the  devices  cutoff  frequency  has 
constantly  yielded  results  in  agreement  with  other  measurements  techniques  (Houlding,  N. , 1960; 

Sard,  E.  W. , 1968)  and  with  realized  RF  performance.  The  zero  bias  cutoff  frequency  is  found  to  be 
1050  GHz  and  R is  1. 5 ohms.  Otherwise,  straightforward  use  of  the  transmission  method,  by  first 

evaluating  Rg  using  the  value  of  the  transmission  loss  T and  the  waveguide 


(26) 


characteristic  capacitance  Z , as  shown  in  equation  26  would  have  resulted  in  a zero  bias  cutoff  frequency 
of  2050  GHz.  ° 

The  RF  performance  in  image  enhanced  mixers  (Breitzer,  D.  and  Sard,  E.  W. ) frequency  multi- 
pliers (Cohen,  L. ; 1975)  is  summarized  in  Table  IV.  This  performance  represents  an  improvement 
over  the  present  state  of  the  art. 

In  the  image  enhanced  mixer  the  conversion  loss  of  3 dB  includes  1-dB  circuit  losses  and  the 
5. 9 dB  noise  figure  includes  2-dB  noise  contribution  of  the  1 GHz  IF  amplifier. 

As  doublers  and  triplers,  the  realized  efficiencies  and  CW  output  power  represents  a state-of-the- 
art  improvement.  Circuit  losses  at  these  very  high  frequencies  (200  and  300  GHz)  are  being  minimized 
to  achieve  even  better  efficiency  and  higher  output  power. 

Figures  11  and  12  show  the  assembled  doubler  (100  - 200  GHz)  and  tripler  (100  - 300  GHz),  respec- 
tively. 


Table  IV.  Diode  Performance 


Freq 

(GHz) 

Varactor  Cutoff 
Freq  (GHz) 

p 

out 



Efficiency 

r 

Doubler 

50  - 100 

650 

20  mW 

>25% 

( 

100  - 200 

650 

10  mW 

> 9% 

1 

[ ~ 

100  - 200 



1000 

18  mW 

12% 

Trtpler 

35  - 105 

650 

18  mW 

>25% 

L 

100  - 300 

1000 

2 niW 

2% 

f 

1 

— 

f 

f 

f.  . 

— 

Mixer 

Mixer  ♦ i-f 

«IK 

fo 

i-f 

r 

(GHz) 

(GHz) 

(GHz) 

Pto 

Lc 

NF 

Lc 

NF 

t 

.Mixer 

34.17 

35.12 

0.85 

10  mW 

2.4 

3.7 

3.0 

5.9 

1.3 

_ 

2.4  Metaltzed  Beam-Lead  Structure 

We  are  presently  developing  a met  a ti  zed  beam  lead  in  a quasi -planar  configuration.  Unlike  con- 
ventional planar  beam -lead  devices  using  SiOj  and/or  StjN^  to  passivate  the  junction  and  to  support  the 

beam  lead  (giving  rise  to  undesirable  large  parasitic  capacitance  and  non-uniform  field  distribution 
across  the  Junction),  our  metaltzed  beam- lead  structure  will  use  the  well  proven  tantalum  Schottky  and 
native  oxide  and  the  mesa  configuration. 

As  shown  in  Figure  ISA  and  B,  the  device's  beam  leads  can  be  easily  preshaped  to  reduce  further 
parasitic  capacitance  contributions. 

This  type  of  structure  is  most  desirable  to  achieve  the  necessary  very  high  cutoff  frequency  and 
low  parasitic  elemental  values  [Cj(0)  in  the  range  of  0.08  to  0. 12  pFl. 

In  addition,  to  meet  future  system  requirements  and  more  specifically  Cj(0)  < 0.05  pF,  we  are 

developing  the  necessary  devtce  technology  that  can  be  adapted  to  many  circuit  configurations  (MIC, 
waveguide,  and  monolithic).  Typical  device  structures  under  study  are  shown  in  Figure  14. 

3.  QUASI -OPTICAL  MILLIMETER  WAVE  COMPONENTS 

An  alternate  approach  to  wideband  low-loss  millimeter  components  Is  the  use  of  quasi-optical 
techniques  pioneered  at  AIL.  These  techniques  employ  oversized  waveguide  which  offers  a practical, 
low-loss  transmission  line  for  millimeter  and  submtllimeter  wave.  The  advantage  of  this  technique  to 
reduce  losses  is  more  dramatic  in  the  1-mm  region  than  at  10  mm  as  shown  in  Figure  15. 

By  contrast,  oversized  guides  free  the  designer  to  consider  more  practical  and  efficient  com- 
ponents. 

The  TEjq  mode  in  10X  oversize  waveguide  has  a wavelength,  X^  equal  to  1.002  X^  (X^  is  the  free- 

space  wavelength).  Propagation  is  thus  approximately  planar  and  suggests  the  use  of  optical  techniques 
as  applied  in  free  space. 

Prisms,  dielectric  slabs,  and  gratings  can  be  placed  inside  the  waveguide  to  construct  components. 
Their  basic  operation  can  be  analyzed  using  free-space  optical  principles. 

If  these  internal  elements  are  designed  to  act  uniformly  on  the  entire  plane-wave  front,  higher 
order  modes  will  not  be  generated.  Discontinuities  such  as  screws  and  irises  can  be  used  if  they  are 
located  in  a symmetrical  manner  so  as  not  to  generate  higher  order  modes  which  can  freely  propagate. 
This  is  accomplished  in  practice  by  dividing  the  oversized  guide  into  repetitive  half-wavelength  "domains" 
in  which  the  tuning  elements  are  repeated  in  a symmetric  fashion. 

While  conventional  techniques  can  be  "pushed”  to  operate  at  100  GHz,  they  suffer  limitations  due 
to  loss  and  difficulty  in  maintaining  tolerances  at  operating  frequencies  exceeding  140  GHz.  A line  of 
quasi-optical  components  can,  therefore,  bo  developed  to  meet  the  long-range  objectives  of  providing 
the  beat  possible  performance  to  300  GHz.  These  components  are  based  on  basic  theoretical  and  experi- 
ments I work  done  at  AIL  from  30  to  300  GHz  (Taub,  .1.  J. , 1863,  Taub,  J.  J.  and  Cohen,  ,1. , 1866, 

Taub,  J.  .1.  et  al.  1864;  Kraemer,  K.  et  al,  1870;  Taub,  J,  .1.,  1870). 
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By  use  of  suitable  transitions,  these  components  ran  be  used  with  standard  waveguide  components. 
However,  for  ultimate  performance,  it  is  desirable  to  build  up  an  entire  system  using  cascaded  quasi- 
optlcal  components  with  a possible  arrangement  shown  in  Figure  14.  In  this  way,  a second  source  tuned 
to  a different  frequency  can  be  switched  to  the  mixer.  Local  oscillator's  level  can  be  controlled  by  quasi- 
optical  attenuators,  if  required  (Taub,  J.  J. , 1963).  An  injection- locking  signal  is  also  fed  through  the 
circulator  from  a high-order  varactor  multiplier  to  phase  lock  the  source.  Electronically  controlled 
ferrite  phase  shifters  are  located  between  the  circulator  and  each  quasi-optical  source  to  phase  shift  the 
local  oscillator  as  may  be  required  in  certain  applications. 

By  using  all  quasi-optical  components,  except  at  the  required  interfaces  with  standard  guide,  the 
number  of  transitions  and  associated  losses  are  minimized  and  full  advantage  of  the  lower-loss  capability 
of  oversized  waveguide  can  be  realized. 

As  can  be  seen  from  Figure  16,  the  advantages  of  oversized  guide  become  even  more  pronounced 
when  components  may  need  to  be  physically  separated  (that  is,  antenna  feed  and  receiver)  which  would 
lead  to  intolerable  losses  with  regular  guide  but  pose  no  major  problem  with  oversized  waveguide.  AIL 
has  carried  out  the  basic  development  of  most  of  the  components  described. 

In  Figures  17  through  20,  we  show  possible  configurations  of  discrete  quasi-optical  components 
that  can  be  developed  for  the  millimeter  and  submtllimeter  application. 

4.  CONCLUSIONS 

A reliable  and  high  performance  metalized  GaAs  Ta-Schottky  and  native  oxide  passivated  junction 
with  very  low  parasitic  device-series- resistance  has  been  developed.  The  use  of  a novel  metalization 
over  the  semiconductor  Nf  substrate  has  made  it  possible  to  minimize  skin  effect  contribution  in  the  fre- 
quency range  of  30  to  300  GHz  and  thus  make  it  able  to  realize,  for  the  first  time,  zero  bias  cutoff  fre- 
quency in  excess  of  1000  GHz,  when  measured  near  60  GHz,  for  a junction  capacitance  near  0.1  pF. 

The  Q of  these  devices  is  in  the  range  of  1. 5 to  2 times  the  Q achievable  in  conventional  AIL  high  per- 
formance quasi-planar  structure  and  greater  than  2 when  compared  to  a commercially  available  planar 
device.  The  metalized  devices  have  been  successfully  used  in  parametric  amplifiers,  frequency  multi- 
pliers to  300  GHz,  and  image  enhanced  mixers  at  34  GHz,  and  realized  a decisive  improvement  in  RF 
performance  that  advanced  prior  state  of  the  art. 

The  successful  development  of  these  very  high-Q  devices  will  make  possible  the  development  of 
lower  noise,  particularly  above  10  GHz,  parametric  amplifiers  in  the  90  to  300  GHz  region,  frequency 
multipliers  in  the  frequency  range  of  200  to  600  GHz  with  application  as  pump  sources  and  low  noise 
LO,  image  enhanced  mixer  to  realize  low  conversion  losses  and  noise  figure  for  possible  application  in 
front-end  receivers,  and  as  efficient  detectors  at  millimeter  wavelengths. 

Device  fabrication  improvements  are  being  developed  to  realize  even  higher  cutoff  frequency.  In 
particular  our  goal  is  to  achieve  zero  bias  cutoff  frequency  near  1500  GHz  in  mixer  devices  CC.(0)  ^ 

0.05  pF]  and  greater  than  1200  GHz  for  varactor  applications. 

A novel  and  more  advanced  metalized  beam- lead  device  was  described.  In  addition,  to  meet  fu- 
ture system  requirements  such  as  monolithic  circuit  configuration,  a novel  configuration  on  semi- 
insulating  substrate  was  described. 

The  use  of  oversize  waveguide  to  overcome  undesirable  circuit  loss  at  high  frequencies  was 
briefly  described.  Various  quasi-optical  components  were  presented,  and  a possible  quasi-optical  re- 
ceiver configuration  was  proposed. 
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^ ARROWS  SHOW  POLARIZATION  OF  INPUT  WAVE 
Figure  18.  Oversize  Waveguide  Isolator 
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ARROWS  SHOW  POLARIZATION  OF  INPUT  WAVE 
Figure  19.  Oversize  Waveguide  Circulator 
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DISCUSSION 


A.S.  Vander  Vorst,  Belgium 

Do  you  use  packaged  diodes  at  those  frequencies?  or  are  they  always  unpackaged? 
Author’s  Reply 

All  our  devices  use  quartz  packages  in  the  form  of  either  horseshoe  or  a standoff. 


M.C. Carter,  UK 

Are  there  any  problems  with  reflections  when  one  or  more  quasi-optical  components  are  put  in  series. 

Author’s  Reply 

AIL  has  developed  techniques  to  minimize  undesirable  reflections,  that  can  also  give  rise  to  multimoding.  However, 
much  work  yet  remains  to  be  done  in  this  area.  We  can  certainly  conclude  that,  given  time,  novel  techniques  can  be 
developed  to  accurately  control  and  solve  to  multimode  and  reflection  problems.  Therefore  I do  not  anticipate 
any  problems  by  integrating  multi-quasi-optical  components. 
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CONCEPTS  AND  TECHNIQUES 
IN  THE  UTILIZATION  OF 
MILLIMETER  AND  SUBMILLIMETER  WAVES 

J.  H.  Rainwater,  R.  W.  McMillan  and  J.  J.  Gallagher 

Georgia  Institute  of  Technology 
Engineering  Experiment  Station 
Atlanta,  Georgia  30332 


SUMMARY 


Extended  microwave  techniques  have  resulted  in  the  cross-waveguide  and  ridged-waveguide  harmonic 
mixers  for  the  higher  millimeter  wave  frequencies  in  addition  to  single-ended  fundamental  mixers,  all 
employing  Schottky-barrier  diodes.  The  newly  developing  technique  of  subharmonic  pumping  of  an  anti- 
parallel diode  pair  promises  to  ease  the  problem  of  insufficient  local  oscillator  power.  Quasi-optical 
techniques  are  being  developed  to  provide  more  efficient  energy  coupling,  filtering  and  directing  com- 
ponents to  replace  the  poorly  performing  waveguide  devices  above  100  GHz.  Radiometry  as  a remote 
sensing  tool  is  revealing  properties  of  the  atmosphere  which  are  not  characterized  adequately  by  theory. 

Propagation  measurements  in  the  submillimeter  show  attenuation  to  be  somewhat  greater  than  previously 
believed.  A millimeter-submillimeter  transmitter  and  receiver  system  for  propagation  studies  has  been 
constructed  at  Georgia  Tech  with  an  optically  pumped  laser  as  a source  and  a quasi-optical  super- 
heterodyne receiver. 

1.0  INTRODUCTION 

The  attractiveness  of  millimeter  and  submillimeter  waves  for  remote  sensing,  weapon  guidance  and 
other  applications  has  given  impetus  to  research  and  development  of  millimeter  and  submillimeter  de- 
vices and  systems  and  has  necessitated  characterization  of  atmospheric  propagation  effects  in  the 
atmosphere.  The  evolution  of  quasi-optical  devices  and  techniques  from  a synthesis  of  microwave  and 
optical  practices  has  proceeded  along  with  the  extension  of  more  familiar  microwave  devices  into  the 
millimeter  and  submillimeter  regions. 

Georgia  Tech  is  conducting  extensive  research  and  development  programs  aimed  at  the  goal  of  full 
utilization  of  millimeter  and  submillimeter  waves  (sometimes  collectively  referred  to  as  near-milli- 
meter waves,  100  - 1000  GHz).  In  the  sections  to  follow,  programs  and  topics  are  discussed  in  the 
areas  of  extended  microwave  techniques,  quasi-optical  devices  and  methods,  radiometry,  and  measurements 
of  importance  to  spectroscopy  and  propagation.  Measurements  obtained  with  operational  systems  will  be 
highlighted  and  their  significance  to  physical  questions  and  future  system  applications  discussed. 

2.0  EXTENSIONS  OF  MICROWAVE  TECHNIQUES 

Following  the  impetus  to  research  and  development  of  centimeter  radar  that  World  War  II  provided, 
physicists  in  various  laboratories  began  extending  the  techniques  of  microwave  radar  into  the  near- 
millimeter region  of  the  spectrum.  While  the  generation  of  coherent  radiation  found  realization  in 
extended  klystron  and  traveling  wave  tube  principles,  masers,  optically  and  electrically  pumped  lasers 
and  relativistic  electron  beam  devices;  non-thermal  detector  and  mixer  technology  followed  another  path. 

This  path  paralleled  the  growth  in  knowledge  of  semiconductor  physics  and  technology:  the  "cat-whisker" 
diode  emerged  into  a new  era  of  applicability.  Current  research  at  Georgia  Tech  is  directed  toward 
developing  structures  and  techniques  to  utilize  the  recontactable  Schottky-barrier  diode,  a descendant 
of  the  "cat-whisker"  diode,  as  a near-millimeter  detector  or  superheterodyne  mixer. 

Harmonic  superheterodyne  mixers,  which  require  local  oscillator  (L0)  pumping  at  one-half  the  signal 
frequency,  have  been  constructed  for  the  near-millimeter  in  both  crossed-waveguide  and  single-ended  con- 
figurations. Figure  1 illustrates  two  mixer  structures  which  are  in  operation  at  Georgia  Tech.  The 
crossed-waveguide  mixer  (1(a))  couples  L0  energy  to  the  diode  through  a coupling  hole  in  the  L0  waveguide, 
to  the  signal  waveguide.  The  diode  mixes  harmonics  of  the  local  oscillator  with  the  signal,  heterodyning 
spectral  information  to  a convenient  intermediate  frequency  (IF)  for  amplification  and  further  processing. 

IF  filtering  and  matching  are  accomplished  within  the  barrel  part  of  the  mixer  using  appropriately 
machined  impedance  transforming  materials.  Fibure  1(b)  shows  a ridged-waveguide,  single-ended  mixer  de- 
signed by  G.  T.  Wrixon  of  University  College,  Cork  Ireland.  This  mixer  was  constructed  to  operate  near  .f 

230  GHz  and  couples  both  L0  and  signal  frequencies  in  the  same  port,  in  this  case  a ridged-waveguide 
which  allows  simultaneous  transmission  of  the  fundamental  signal  and  L0  modes  to  the  diode  throughout  a 
bandwidth  larger  than  typical  rectangular  waveguide  would  provide.  IF  matching  and  filtering  is  achieved 
within  the  block  by  a precision  machined  stripline,  five  element,  low  pass  Tchebyscheff  filter.  By  way 
of  comparison,  the  best  noise  figures  obtained  with  a crossed-waveguide  mixer  at  183  GHz  have  been  16  dB 
while  the  ridged-waveguide  mixer  is  expected  to  yield  noise  figures  below  15  dB  at  230  GHz. 

Fundamental  mixing  in  the  near-millimeter  has  been  achieved  at  Georgia  Tech  with  two  mixer  structures 
illustrated  in  Figure  2.  Figure  2 shows  a conventional  single-ended  mixer  with  replaceable  Sharpless- 
wafer  mounted  diodes.  This  type  of  mixer  is  convenient  for  systems  where  a field  replaceable  diode  capa- 
bility is  desired.  Noise  figures  of  12  dB  have  been  obtained  at  183  GHz  with  these  devices  at  Georgia 
Tech.  Figure  3 shows  another  single-ended  configuration,  designed  to  ease  the  difficulty  of  contacting 
typical  4 u diameter  diodes  with  etched,  pointed  12  v diameter  whiskers.  The  mixer  block  can  be  partially 
disassembled  for  diode  contacting  in  the  laboratory  and  then  quickly  reassembled  for  operational  use. 

This  mixer,  often  called  a split  block  mixer,  contains  an  integral  IF  matching  and  filter  network  in  strip- 
line design.  Noise  figures  of  14  dB  have  been  demonstrated  at  183  GHz  with  the  split  block  mixer  to  date. 


Both  fundamental  and  harmonic  mixing  schemes  for  the  near-millimeter  require  reliable,  stable,  LO 
sources  which  are  always  expensive  and  sometimes  unavailable  for  the  higher  frequencies . To  overcome 
these  disadvantages  a new  harmonic  mixing  technique,  referred  to  as  subharmonic  mixing,  is  being  developed 
at  Georgia  Tech.  Typically,  subharmonic  mixing  is  the  process  of  pumping  an  anti-parallel  diode  pair  )1) 
with  a LO  frequency  one-half  or  one-fourth  the  signal  frequency.  The  anti-parallel  diode  configuration, 
illustrated  in  Figure  4,  has  the  advantages  of  reducing  conversion  loss  by  suppressing  fundamental  mixing 
products  and  lowering  the  mixer  noise  figure  through  suppression  of  LO  noise  sidebands.  In  addition,  a 
mixer  with  such  an  ant i-paral lei  diode  pair  requires  less  LO  power  than  its  single  diode  equivalent. 

Future  mixing  schemes  at  higher  near-millimeter  wave  frequencies  will,  of  necessity,  be  of  an  open 
structure  design  because  fundamental  mode  waveguide  dimensions  approach  diode  crystal  dimensions  near 
400  GHi.  The  reader  is  referred  to  Gallagher  and  Blue  (reference  2),  for  examples  and  discussion  of  open 
structure  type  mixers. 

3.0  QUASI -0P.TKAL  pt VICES  AND  TlCHNlQUtS 

3. 1 Background 

The  continuing  extension  of  microwave  source  and  detector  technology  further  into  the  near- 
millimeter portion  of  the  electromagnetic  spec  trim  has  created  a need  for  low-loss  components  suitable 
for  use  at  these  shorter  wavelengths.  In  particular,  the  availability  of  optically  pumped  lasers  (3), 
extended  interaction  oscillators,  and  relativistic  electron  beam  devices  1 4 J . as  near-millimeter  sources, 
and  the  development  of  guasi-optical  mixers  have  contributed  to  this  need. 

In  the  region  of  frequencies  above  about  100  GHj,  losses  in  waveguides  become  significant,  and  this 
limitation  is  further  aggravated  by  poorer  performance  of  couplers,  attenuators,  wavemeters.  and  other 
passive  components  at  higher  frequencies,  fortunately,  since  wavelengths  in  the  submillimeter  are  small 
compared  to  practical  optical  component  dimensions,  and  excellent  transmitting  and  reflecting  materials 
are  available  in  this  frequency  region,  it  is  possible  to  overcome  most  of  these  limitations  by  using 
guasi-optical  techniques. 

3 . 3 Quas i-Opt ica 1 Antennas 

Antennas  used  in  the  near-millimeter  spectrum  are  essentially  identical  in  form  to  those  used 
in  the  optical  portion  of  the  electromagnetic  spectrum,  consisting  of  lenses  and  mirrors;  but  the  materials 
used  for  fabrication  of  these  elements  may  be  different.  Lenses  are  generally  made  of  plastics  such  as 
rexolite,  TP.X  or  teflon,  and  mirrors  are  made  of  high-conductivity  metals  such  as  are  used  for  optical 
mirrors.  Antenna  feeds  are  usually  conical  or  pyramidal  horns,  except  at  the  shorter  wavelengths  where 
direct  focussing  of  radiation  is  a practical  approach  to  avoiding  waveguide  losses. 

Diffraction  losses  in  a near-millimeter  wave  antenna  system  will  be  higher  than  for  a corresponding 
optical  system  because  the  full-width  Fraunhofer  diffraction  limited  beamwidth  is  approximately  2.4  \/d. 
where  d is  aperture  diameter,  at  the  404  power  points.  Although  diffraction  limited  output  is  easy  to 
achieve  in  these  systems,  the  above  expression  shows  that  near  millimeter  beamwidths  will  be  several 
orders  of  magnitude  greater  than  corresponding  beanxidths  for  optical  and  near  infrared  systems. 
Furthermore,  geometrical  or  ray  optics  descriptions  of  quasi -optical  devices  will  require  significant 
corrections  for  the  effects  of  diffraction  IS)  since  the  aperture  diameters  involved  are  on  the  order  of 
one  hundred  wavelengths  instead  of  several  thousands  of  wavelengths  as  for  the  case  of  visible  light. 

Microwave  lenses  are  usually  machined  from  a block  of  rexolite,  teflon,  polyetheylene.  or  other 
suitable  low-loss  material.  Because  of  the  comparatively  long  wavelengths,  and  corresponding  inmuni ty  to 
slight  surface  defects,  it  is  possible  to  machine  lenses  directly  with  a hyperbolic  shape,  thus  elimina- 
ting spherical  aberration.  Machine  tool  cutters  can  be  fashioned  from  aluminum  or  other  easy-to-work 
material,  and  polishing  can  be  done  with  fine  sandpaper. 

Fresnel  reflection  from  lens  surfaces  is  a difficult  problem  to  solve  in  the  design  of  microwave 
quasi-optics.  Lenses  are  usually  made  in  the  plano-convex  configuration,  and  are  anti-reflection  "coated" 
bv  bonding  a quarter  wavelength  thick  layer  of  a dielectric  material  with  a refractive  index  equal  to 
n‘/‘,  where  n is  the  refractive  index  of  the  lens,  to  the  surfaces.  Unfortunately,  such  materials  are 
not  generally  easy  to  find.  Alternatively,  quarter  wave  deep  grooves  may  be  machined  into  the  surface 
with  a spacing  such  that  the  average  index  of  the  grooved  volume  is  equal  to  nl'  \ This  machining  is 
difficult  on  the  curved  surface  of  the  lens,  so  that  this  surface  is  generally  left  uncorrected. 

Figure  b shows  the  details  of  the  matching  of  lenses  to  air  by  slotting. 

Reflecting  antennas  for  near-millimeter  systems  may  take  the  same  variety  of  configurations  as  has 
been  devised  for  optical  telescopes  including  Newtonian,  Cassegrain,  Gregorian,  and  variations  of  these 
types.  The  secondary  mirror  of  such  a reflecting  telescope  is  usually  driven  with  a feed  horn.  Because 
of  the  comparatively  large  beamwidth  of  near-millimeter  systems,  both  primary  and  secondary  mirrors  must 
be  made  large  to  minimi te  spillover  power.  Reflective  optics  have  the  advantage  of  not  requiring  the 
matching  layer  required  in  refractive  systems,  and  may  he  made  from  commonly  used  reflecting  metals,  such 
as  gold  and  aluminum,  which  have  excellent  reflectivity  in  the  near-millimeter  spectrum. 

Horn  antennas  may  be  used  as  feeds  for  both  lens  and  mirror  antenna  systems  up  to  a frequency  of 
about  300  GHt.  Corrugated  horns  have  been  devised  which  have  minimum  side  lobes  in  this  range  of  fre- 
quencies. Beyond  300  GHt , sources  consist  mainly  of  optically  pumped  or  electric  discharge  pumped  lasers, 
which  use  partially  reflecting  mirrors  for  output  coupling.  Figure  b shows  a corrugated  horn  antenna 
designed  for  30.0  GHt  with  its  associated  radiation  pattern.  Computer  programs  have  been  devised  to  aid 
in  the  design  of  such  horns. 


3.3  Quasi-Optical  Diplexers 

The  design  of  diplexers  used  for  coupling  Loth  local  oscillator  and  signal  power  to  a single 
mixer  Is  a difficult  problem  In  the  near-millimeter  wavelength  region  that  has  received  soise  attention 
during  the  last  few  years.  This  problem  is  especially  important  because  of  the  low  output  power  of 
available  local  oscillators  in  the  near-millimeter  region.  Successful  diplexer  designs  must  be  con- 
figured so  as  not  to  waste  any  of  this  scarce  10  power. 

A diplexer  designed  by  Martin  and  Puplett  16)  is  shown  in  Figure  7.  A signal  beam  plane  polarized 
at  45°  to  the  normal  to  the  page  is  incident  from  the  left.  This  beam  is  divided  into  components 
polarized  parallel  and  perpendicular  to  the  page  by  wire  grid  01.  The  component  perpendicular  to  the 
page  is  reflected  from  the  wire  grid  and  the  mirrors  A and  is  recombined  at  the  output  of  grid  D2  with 
the  component  polarized  parallel  to  the  page.  A local  oscillator  input  incident  from  above,  also  polarized 
at  45°,  follows  essentially  the  same  path,  and  is  combined  with  the  signal  in  the  mixer  as  shown.  The 
diplexer  is  tuned  by  varying  the  distance  of  the  plane  reflectors  from  the  wire  grids  so  as  to  give  con- 
structive interference  of  signal  and  local  oscillator  at  the  output.  Diplexers  based  on  similar  inter- 
ferometric principles  have  been  designed  by  Wrixon  17),  Gustincic  [8],  and  Erickson  (9).  Schematic 
drawings  of  these  devices  are  shown  in  Figures  8,  9,  and  10. 

3.4  Quasi-Optica 1 Filters  and  Interferometers 


Several  different  types  of  quasi-optical  filters  have  been  devised  using  Fabry-Perot  inter- 
ferometers in  plane,  confocal  and  semiconfocal  configurations.  Confocal  and  semiconfocal  devices  use 
solid  metal  mirrors  with  small  coupling  holes  for  input  and  output  radiation.  These  devices  have  ex- 
tremely high  Q's,  sometimes  reaching  106,  but  these  higher  Q devices  generally  have  higher  losses. 
Plane-mirror  Fabry-Perot  interferometers  may  use  solid  mirrors,  wire  grids,  or  perforated  metal  plates 
for  reflectors.  The  Q's  of  these  devices  depend  upon  coupling  hole  size,  grid  spacing  and  orientation, 
and  the  size  of  the  perforations,  respectively. 

The  four-grid  Fabry-Perot  Interferometer  has  been  analyzed  by  McMillan  and  Langley  (10]  and  by 
McMillan,  Branch,  and  Lamb  (11],  who  have  found  that  this  filter  is  bandpass  tunable  by  either  varying 
the  relative  grid  orientation  or  by  varying  the  spacing  between  elements  of  the  two  grid  pairs.  Further- 
more, this  filter  can  be  made  to  rotate  the  plane  of  polarization  of  an  incident  signal  on  reflection, 
and  there  is  some  indication  that  this  rotation  can  be  carried  out  on  transmission  also. 

The  transmitted  powei  t for  the  four-grid  array  shown  in  Figure  11(a)  is  given  by 
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where  R and  T are  reflectivity  and  transmissivity  of  a single  grid  for  radiation  polarized  parallel  and 
-rpendicular  to  the  wires,  respectively,  e is  the  angle  of  input  polarization,  > is  the  angle  between 
the  grids,  is  the  phase  shift  between  elements  of  a grid  pair,  and  « is  the  total  phase  shift  through 
the  grid.  The  grid  angles  e and  a are  defined  as  shown  in  Figure  11(b).  Using  this  equation,  tunable 
grid  filters  have  been  constructed  which  have  performances  which  agree  well  with  theory.  Figure  12  shows 
measured  and  calculated  results  for  a filter  of  this  type. 

A very  useful  three-grid  quasi-optical  fijter  has  been  designed  by  Saleh  [12,  13),  who  has  achieved 
excellent  agreement  of  measured  transmission  with  theory  based  on  measurements  made  at  50  GHz.  The  band- 
pass characteristics  of  this  filter  are  similar  to  those  of  the  four-grid  filter  discussed  above,  and  it 
is  also  tunable  by  varying  the  angle  of  the  interior  gnid  of  the  three-grid  array. 

One  of  the  most  effective  quasi-optical  devices  which  is  used  in  the  near-millimeter  wave  region  is 
the  Interferometer.  The  device  has  taken  many  forms  in  the  applications  which  have  been  addressed  so  far, 
and  their  use  can  be  seen  in  many  future  system  applications.  Both  Fabry-Perot  and  Michelson  interfero- 
meters have  been  employed,  and  for  the  Fah>-y-Perot  Interferometer,  high-Q  and  low-Q  devices  exist  depending 
upon  the  application  for  the  apparatus!  The  devices  can  be  parallel  plate,  semi-confocal  or  confocal 
interferometers  and  can  be  employed  as  either  waveguide  coupled  or  horn/lens  coupled  resonators.  Figure 
13  shows  an  example  of  the  use  of  one  of  these  interferometers  in  a molecular  beam  spectrometer  (14). 

3. 5  Miscellaneous  Components 

Submillimeter  analogs  for  many  optical  devices  have  been  devised,  including  polarizers,  beam 
splitters,  quarter  wave  plates,  attenuators,  and  the  Fresnel  rhomb.  Each  of  these  component  types  will 
be  discussed  briefly  in  this  section. 

Wire  grids  are  extensively  used  as  polarizers  and  beam  splitters  in  the  submillimeter,  and  recent 
advances  in  fabrication  techniques  have  extended  the  usefulness  of  these  devices  into  the  near  Infrared. 
When  used  as  a polarizer,  the  component  polarized  parallel  to  the  wires  is  reflected  and  the  component 
perpendicular  to  the  wires  is  transmitted.  Beam  splitter  applications  use  these  same  properties,  with 
the  result  that  the  wire  grid  is  a polarizing  beam  splitter. 
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A beam  splitter  based  on  frustrated  total  internal  reflection  ( FT  I R ) has  been  described  by  Baker 
and  Valenzuela  [16],  which  uses  two  identical  low-loss  dielectric  prisms  which  form  a cube  when  joined 
together.  The  prisms  are  separated  on  a face  diagonal  of  the  cube,  and  the  attenuation  and  resultant 
off-axis  coupling  can  be  varied  by  changing  the  spacing  along  this  diagonal.  These  devices  are  des- 
cribed analytically  by  Fellers  [17].  This  beam  splitter  consists  of  two  90°  prisms  with  a small  gap 
between  them.  If  no  gap  exists,  an  incident  beam  would  be  transmitted  without  change  of  direction, 
whereas  in  the  absence  of  one  prism,  the  incident  beam  would  be  totally  internally  reflected,  emerging 
at  an  angle  of  90°  to  the  incident  beam.  With  a gap  between  the  prisms,  the  beam  is  partially  trans- 
mitted and  partially  reflected.  Figure  14  shows  the  configuration  of  the  double-prism  while  the  trans- 
mittance as  a function  of  wavelength  is  shown  in  Figure  15.  The  reflected  signal  is  R = 1-T. 

The  double-prism  can  be  employed  for  several  applications.  Figure  16  shows  it  employed  as  an 
attenuator  [18].  The  attenuation  as  a function  of  the  prism  separation  is  given  in  Figure  17  for  both 
parallel  and  perpendicular  polarization,  relative  to  the  plane  of  incidence.  The  curves  were  obtained 
by  using  e = 2.54  for  the  dielectric  constant  of  rexolite.  Figure  18  shows  the  double-prism  as  a 
directional  coupler,  the  coupling  of  which  can  be  varied  as  a function  of  the  prism  separation.  Figure 
19  shows  the  prisms  fed  by  a 300  GHz  carcinotron  with  a horn/lens  system.  The  detector  is  shown  at  the 
left  of  this  figure.  A micrometer  adjusts  the  separation  of  the  prisms  for  use  as  an  attenuator  and/cr 
a directional  coupler. 

Wave  plates  may  be  fabricated  from  biregringent  materials  in  a manner  similar  to  that  used  for  optical 
retarders.  Because  of  its  good  transparency  throughout  much  of  the  submillimeter  region  [19],  crystalline 
quartz  is  a good  choice  for  this  application,  but  practical  quartz  wave  plates  may  be  prohibitively  thick 
at  the  longer  wavelengths  because  of  its  low  bi regringency.  For  generating  circular  polarization,  a 
Fresnel  rhomb  has  been  devised  by  Strauch  et  al  [20].  This  device  was  used  to  analyze  Zeeman  components 
in  submillimeter  spectroscopy,  and  is  shown  in  Figure  20. 

3.6  Uses  and  Limitations  of  Quasi-Optics 

It  appears  likely  that  optical  techniques  will  provide  many  of  the  methods  required  to  extend 
the  usefulness  of  the  wavelength  region  between  10  and  1000  microns  for  remote  sensing,  spectroscopic  and 
military  applications.  Submillimeter  analogs  of  many  optical  and  microwave  components  are  available,  and 
concentrated  effort  by  many  workers  is  resulting  in  the  discovery  of  new  techniques  at  a rapid  pace. 

The  availability  of  sources  such  as  optically  pumped  lasers,  relativistic  electron  beam  devices,  and 
extended  interaction  oscillators,  will  surely  stimulate  the  development  of  quasi-optical  techniques  in 
the  near-millimeter  spectral  region.  This  development  may  not  be  as  fast  as  that  associated  with  the 
evolution  of  the  laser  in  the  visible  and  near  infrared,  because  lasers  are  readily  available  and  have 
reached  a high  level  of  development;  and  because  most' of  the  optical  techniques  used  with  lasers  were 
well  known  before  the  laser  was  invented. 

Of  the  areas  that  should  be  pushed  to  speed  up  development,  the  availability  of  a reliable  duplexer 
for  the  near  millimeter  spectrum  would  appear  to  be  important.  The  development  of  suitable  matching 
techniques,  such  anti  reflection  coatings;  and  the  design  of  quasi-optiral  microwave  devices,  such  as 
isolators  and  circulators  would  also  be  helpful. 

4.0  RADIOMETRY 


4.1  Theoretical  Aspects 

The  properties  of  the  atmosphere,  as  they  affect  the  propagation  of  near-millimeter  radiation, 
can  be  characterized  by  the  remote  sensing  technique  of  radiometry.  In  radiometric  terminology  the 
effective  brightness  temperature  of  the  sensed  medium,  called  the  antenna  temperature,  is  determined  by 
a radiometer.  The  effective  background  sky  brightness  temperature  Tk,  measured  by  a radiometer  at 
altitude  h with  an  infinitesimally  narrow  beamwidth  looking  upward  at  zenith  angle  e,  is 
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in  which  T(Z)  is  the  temperature  of  a stratum  of  atmosphere  of  thickness  dZ  located  at  altitude  Z.  The 
parameter  a(Z)  is  the  atmospheric  absorption  coefficient  which  depends  on  several  factors  in  addition  to 
the  line  shape  factor.  There  is  also  a strong  dependence  on  altitude  because  the  density  of  water  vapor 
molecules  decreases  rapidly  with  increasing  altitude.  These  dependences  are  discussed  in  detail  by 
McMillan,  et  al  [21], 

Equation  (2)  must  in  general  be  solved  numerically  because  of  the  complex  nature  of  the  absorption 
coefficient  a(Z).  A computer  was  programmed  to  solve  this  equation  using  the  Gross  analytical  line 
shape  [22],  an  empirical  modification  to  the  Gross  line  shape  proposed  by  Gaut  and  Reifenstein  [23],  and 
the  Schulze-Tolbert  empirical  line  shape  [24].  The  water  vapor  density  and  temperature  variables  used 
in  the  calculations  were  obtained  from  ground  level  measurements  at  the  time  radiometric  measurements 
were  made. 

4.2  Experimental  Aspects 

A Dicke  superheterodyne  radiometer  has  been  developed  to  measure  the  emission  spectrum  of  atmos- 
pheric water  vapor  from  160  to  210  GHz.  The  radiometer,  as  shown  in  Figure  21,  employs  a crossed  wave- 
guide harmonic  mixer  containing  a recontactable  Schottky-barrier  diode.  The  diode  junction  is  made  by  a 
12.7  w diameter  gold  plated  phosphor-bronze  whisker  etched  into  a 1 u tip.  Water  cooled  millimeter  wave 
reflex  klystrons,  operating  at  one-half  the  signal  frequency,  are  used  as  local  oscillators  to  provide 


the  radiometer  a tuning  range  spanning  the  183.3  GHz  emission  line.  The  IF  output  of  the  harmonic  mixer 
Is  amplified  by  two  Avantek  AMZ020-M  FET  amplifiers  centered  at  1.6  GHz  In  a bandwidth  of  1.4  GHz.  An 
Aertech  4-diode  Schottky-barrier  square  law  second  detector  provides  a DC  signal  for  snychronous  detec- 
tion. 

A Fabry-Perot  wire  grid  Interferometer  has  been  constructed  to  function  as  a tunable  bandpass  filter 
In  order  to  effectively  eliminate  detecting  signals  at  the  third  harmonic  of  the  local  oscillator.  The 
output  of  the  Interferometer  Is  focused  Into  a conical,  corruoated  horn  through  a 77  mm  focal  length 
rexollte  lens.  The  horn  feeds  the  harmonic  mixer  through  HR-5  waveguide. 

The  chart- recorded  output  of  the  radiometer  is  calibrated  at  each  measurement  frequency  by  observing 
the  DC  output  change  as  an  ambient  load  (300°K)  is  replaced  by  a calibration  load  (98°K).  The  tempera- 
ture difference  between  the  ambient  reference  load  and  a calibration  load  determines  a scale  factor  from 
which  the  antenna  temperature  of  the  sky  can  be  determined.  The  Georgia  Tech  radiometer  has  demonstrated 
total  system  noise  figures  as  low  as  14  dB  which  corresponds  to  0.22°K  minimum  detectable  temperature. 

4.3  Comparison  of  Experimental  with  Theoretical  Data 

The  calculations  discussed  in  Section  4.1  were  made  under  the  conditions  measured  at  the  ground 
based  radiometer  site  at  the  time  the  radiometer  measurements  were  made.  Figure  22  shows  typical  results 
obtained  In  this  way.  The  three  curves  are  the  calculated  results  using  the  Gross,  modified  Gross,  and 
Schulze-Tolbert  line  shapes;  and  the  points  represent  measured  values  of  antenna  temperature  obtained 
during  the  late  mornings  and  early  afternoons  of  7 July  and  25  August,  1977,  respectively.  Since  the 
skirts  of  the  water  vapor  absorption  lines  extend  to  frequencies  far  removed  from  their  center  frequencies, 
a total  of  six  of  the  stronger  lines  extending  In  frequency  up  to  556.7  GHz  were  considered  In  the  cal- 
culations . 

Figure  22  shows  that  none  of  the  line  shapes  considered  give  good  agreement  with  experiment,  although 
the  Schulze-Tolbert  expression  comes  Closest.  The  measurements  of  antenna  temperature  away  from  the 
absorption  line  peak,  which  show  disagreement  with  theory,  are  given  more  credibility  by  the  fact  that  the 
radiometer  consistently  measures  ambient  temperature  at  frequencies  near  the  line  peak,  in  agreement  with 
theory.  Measurements  near  the  line  peak  therefore  provide  another  method  of  calibrating  the  radiometer 
and  serve  to  confirm  data  In  the  wings.  This  type  disagreement  has  also  been  observed  in  propagation 
experiments  In  this  frequency  region,  especially  under  conditions  of  high  humidity.  For  a time,  this 
excess  attenuation  was  thought  to  be  due  to  water  vapor  dimers,  but  it  has  been  shown  that  dimers  will 
not  account  for  the  magnitude  of  the  observed  attenuation.  H.  A.  Gebbie  125]  has  characterized  this 
disagreement  as  "anomalous  absorption".  The  continued  generation  of  experimental  data  Is  needed  to  im- 
prove the  analytical  models  of  atmospheric  absorption  so  that  attenuation  can  be  calculated  with  some 
degree  of  certainty  In  the  near-millimeter  region. 

5.0  NEAR-MILLIMETER  WAVE  PROPAGATION  STUDIES 

The  measurement  of  atmospheric  parameters  can  be  performed  by  a combination  of  techniques,  which 
include  laboratory  spectroscopic  measurements,  propagation  of  monochromatic  signals  and  broadband  incohe- 
rent source  propagation.  Each  of  these  processes  contribute  significant  information  toward  the  under- 
standing of  the  atmosphere.  In  performing  laboratory  experiments,  care  must  be  taken  in  both  the  experi- 
mental techniques  and  the  Interpretation  of  the  data. 

5. 1 Laboratory  Measurements 

Spectroscopy  of  the  millimeter-submillimeter  wavelength  region  is  closely  related  to  the  molecu- 
lar constituents  of  the  atmosphere.  Currently,  at  Georgia  Tech,  an  extensive  program  on  water  vapor  ab- 
sorption Is  being  performed.  The  water  molecule,  despite  the  long  history  of  Its  spectroscopic  observa- 
tion, is  still  a difficult  molecule  to  understand  with  respect  to  its  contribution  to  atmospheric  attenua- 
tion. Clustering,  difficulties  of  accurately  determining  densities,  adequacy  of  line  shape  theory  and 
Interaction  of  the  molecule  with  the  measurement  apparatus  can  seriously  affect  the  analysis  of  the  data. 

As  a result,  several  laboratory  techniques  are  being  employed  at  Georgia  Tech  to  provide  a broad  spectral 
coverage,  permit  observations  in  the  transmission  windows  and  on  the  spectral  lines,  and  provide  redundancy 
of  results  by  a variety  of  techniques.  Both  coherent  and  Incoherent  spectroscopic  methods  are  being  em- 
ployed. Spectrometric  apparatus  Includes  large  Fabry-Perot  spectrometers  (for  non-resonant  absorption 
measurements),  waveguide  cells  for  line  width  and  line  shape  measurements  at  reduced  pressures,  parallel 
plate  Stark  cells  for  dipole  moments  and  Fourier  spectrometers  for  broad  band  measurements. 

Propagation  through  long  cells  with  optically  pumped  lasers  and  a carcinotron  complement  the  absorp- 
tion measurements  being  made  with  the  above  apparatus.  The  optically  pumped  lasers  provide  a large  number 
of  emission  lines  across  the  submillimeter  wavelength  region.  The  technique  shown  schematically  in 
Figure  23  has  been  employed  to  utilize  a TEA  laser-pumped  submillimeter  laser  for  observations  at  discrete 
wavelengths  throughout  the  spectral  region  of  Interest.  Because  of  the  amplitude  instability  of  the  TEA 
laser.  It  Is  necessary  to  provide  a monitor  of  the  emission  before  transmission  through  the  absorption 
cell.  The  reference  channel  and  signal  channel  outputs  are  averaged  over  several  pulses  and  compared  with 
the  gas  in  and  out  of  the  cell.  Detection  is  achieved  by  either  pyroelectric  detectors  or  Schottky-barrier 
diodes. 

The  many  techniques  which  are  available  for  providing  data  on  atmospheric  absorption  should  contri- 
bute significantly  to  an  understanding  of  the  absorption  mechanism.  However,  the  results  continue  to 
produce  values  which  are  higher  than  the  theoretical  values  based  upon  a monomer  water  molecule.  The 
suggestion  has  been  made  by  Derek  Martin  |26]  to  perform  measurements  In  the  spectral  region  between 
absorption  lines  of  molecules  that  do  not  contain  hydrogen.  This  would  allow  the  checking  of  line  width/ 
shape  theory  for  molecules  without  hydrogen  bonding.  It  would  give  an  Indication  if  the  theory  is  correct 
and  the  hydrogen  bonding  in  water  is  causing  the  difficulties  or  If  further  theoretical  work  Is  required. 
Currently,  Georgia  Tech  Is  Initiating  a program  of  measurements  on  non-hydrogen  molecules,  OCS,  CO,  ICN, 
SO..,  N.O,  NO  and  PF3.  These  measurements  will  be  extended  to  hydrogen  - containing  molecules,  CH,Ct,  NH  , 
CH,CN,  HCN,  CHjF,  CHF3  and  H2S,  before  continuing  the  H?0  measurements. 


The  optically  pumped  laser  used  for  propagation  studies  Is  a pulsed  device  pumped  by  a 
Lumonlcs  C02  TEA  laser.  The  pump  laser  has  an  output  of  2-10  Joules  depending  on  the  transition,  and  out- 
puts ranging  from  35H  to  25kW  have  been  obtained  with  the  far  Infrared  laser,  also  depending  on  the  transi- 
tion being  excited. 

Figure  24  Is  a sketch  of  the  far  Infrared  laser.  The  end  boxes  are  machined  from  a single  piece  of 
aluminum  to  minimize  leaks.  The  waveguide  Is  a section  of  38  ran  glass  pipe  vrfilch  may  be  chosen  to  be  any 
convenient  length  up  to  2 m by  using  standard  glass  pipe  lengths.  A zinc  selenlde  window  couples  In  the  C0; 
radiation,  and  the  laser  mirrors  are  made  from  tightly  stretched  square  nickel  meshes.  Tor  most  applica- 
tions, the  Input  mesh  has  a period  of  .0625  mm  and  the  output  mesh  Is  0.125  ran.  The  mirrors  have  x--y 
adjustments  and  the  output  mirror  has  a translation  adjustment  In  addition.  Invar  rods  are  used  between 
the  end  boxes  for  good  stability. 


In  testing  this  laser,  a total  of  27  lines  were  seen  In  4 gases.  No  attempt  was  made  to  observe  a 
large  number  of  lines,  since  the  primary  Interest  In  propagation  measurements  lies  In  the  atmospheric 
window  regions.  However,  previously  unreported  lines  were  observed  In  C;H?F?  and  CHjI.  For  most  gases 
a pressure  of  1 to  5 torr  produced  good  output. 


The  receiver  used  In  conjunction  with  the  transmitter  described  In  the  previous  section 
Is  shown  In  block  form  In  Figure  25.  The  receiver  Is  of  quasi -optical  design,  a Fabry-Perot  Interfero- 
meter being  used  to  dlpl.ex  signal  and  local  oscillator  radiation  Into  a single-ended  ridged  waveguide 
mixer.  The  Fabry-Perot  grid  spacing  Is  adjusted  to  reflect  the  local  oscillator  frequency  (110  - 115  GHz) 
while  transmitting  the  signal  (220  - 230  GHz).  The  IF  frequency,  6.75  - 7.25  GHz,  Is  amplified  with  60  dB 
of  gain  and  then  detected  with  a square  law  detector  for  video  presentation  of  the  transmitter  pulse. 

5.2.3  Propagation  Facility 

A meteorologically  Instrumented  propagation  range  Is  being  assembled  at  Georgia  Tech  to 
provide  comparative  measurements  for  wavelengths  from  the  visible  through  the  millimeter  wavelength  region. 
The  following  sources  are  being  made  available  with  appropriate  receivers: 


An  Argon  laser  at  0.5  um; 

A YAG:Nd  laser  at  1.06  um; 

A 10.6  um  CO}  laser; 

An  optically  pumped  laser  (outputs  at  several 
wavelengths  across  the  subml 1 llmeter  region); 

A 1 ran  carclnotron 

A 2.1  mm  klystron 

A 3 ran  klystron 

An  8 ran  klystron 

simultaneous  operation  of  all  systems  Is  planned. 

6.0  CONCLUSIONS 

The  Instrumentation  and  measurements  described  In  this  paper  are  designed  to  contribute  to  an  under- 
standing of  the  atmospheric  characteristics  relevant  to  applications  In  the  near-mil llmeter  wavelength 
region.  Among  these  applications,  for  which  further  discussion  can  be  given,  are  radiometric  work  for 
airborne  applications  for  Project  Storm  Fury  and  ground  mapping,  theoretical  studies  of  satellite  radio- 
metric  observations  of  ml ’llmeter/submll llmeter  water  llneshapes  as  a means  of  determining  water  vapor 
distribution,  a transportable  propagation  facility  and  trends  In  military  applications  of  near  mill Imeter 
wave  technology. 
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DISCUSSION 


RJ. Emery,  UK 

I have  two  questions  concerned  with  the  propagation  aspects  of  your  work: 

( 1 ) Did  you  include  a water  dimer  component  in  making  the  comparison  between  your  radiometric  measurements 
of  the  sky  and  theory? 

(2)  Have  you  come  to  any  conclusion  about  the  transmission  of  millimeter  waves  through  water  vapour/ 
atmosphere,  based  on  the  laboratory  measurements  you  have  made  so  far? 

Author’s  Reply 

( 1 ) A dimer  component  was  not  included. 

(2)  Only  preliminary  measurements  have  been  made  so  far,  and  no  conclusions  have  been  drawn. 
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S1IMMA11Y 

In  the  first  part  thia  paper  given  an  overview  on  at  a te-of - 1 lie-art  and  availability 
of  mm -wave  aemiconduc tor a . Laboratory  realilta  are  compared  with  the  data  of  commer- 
cially available  diodea.  The  second  part  la  dealing  with  new  active  and  passive  mm - 
wave  components.  Because  of  different  applications,  very  distinguished  problems  have 
to  be  solved  leading  to  different  technologies.  While  for  high  W and  high  performance 
rectangular  waveguide  devices  are  in  use,  in  recent  time  new  combinations  of  wave- 
guide and  planar  structures  (fin-lines)  has  been  developed  to  reduce  cost  and  weight 
and  to  increase  reliability  and  reproductivity.  Typical  examples  of  components  will 
be  demonstrated:  High  Q and  high  stable  Gunn  oscillators  as  well  as  swept  Impatt 
sources  up  to  <10  GHz,  frequency  converters  as  parametric  up  converters  at  hit  GH», 
mixers  at  It,  bO  and  <10  GHz  and  doublers  at  00  GHz.  In  addition,  fin-line  components, 
for  instance  detectors,  PIN-a t t enua tor a and  doub l e - t brow- swi tche s will  he  shown. 

Using  these  components  soma  mm-wave-appl lances  have  been  developed  and  will  be 
presented. 


I.  INTRODUCTION 

The  rise  in  mm-wave  development  observed  in  recent  years  in  caused  by  the  availabili- 
ty of  semiconductors  like  Gunn  devices,  Impatt-  and  Schot tkv-diodes  as  well  as  by 
the  increasing  activities  on  mm-wave  circuit  design.  Both  trends  are  at  least  pro- 
moted by  the  broad  spectrum  of  applications  on  civil  market  and  by  military  employ- 
ments like  radar,  radiometry,  and  communications. 

Though  well  known  since  many  years,  the  breakthrough  in  mm-wave  radarsystems  at  .1  mm 
wavelength  came  only  recently  as  now  the  system  dimensions  can  be  minimized  using 
exclusively  semiconductors.  Mm-wave  radars  operate  at  frequencies  determined  by  the 
atmospheric  attenuation  minima  about  11  and  00  GHz.  Due  to  the  small  dimensions 
mm-wave  radars  mounted  on  mobil  carriers  are  well  suited  for  short  distance  appli- 
cations ( — .10  km).  Typical  radar  employments  are  terrain  surveillance,  defence 
against  low-flying  aircrafts,  signification  of  aircrafts,  helicopter  radar,  and 
active  terminal  guidance.  Coherent  as  well  as  incoherent -pul s devices  and  FM-CW- 
radars  find  their  application  in  these  tasks. 

Radiometer  receivers  used  for  military  purposes  in  general  are  established  at  fre- 
quencies about  11  and  *10  GHz.  Radiometers  are  utilized  for  terrain  observation, 
terminal  homing  and  radiomapping.  Main  topics  of  research  are  to  decrease  the  noise 
figure  of  the  front  ends  and  to  improve  the  computor  interpretation  of  the  measured 
contrast . 

Using  mm-wave  frequencies  mobile  radio  links  with  small  demensions  can  be  estab- 
lished which  almost  are  not  sensitive  against  Jamming.  Making  use  of  the  narrow 
antenna  beams  and  the  high  atmospheric  attenuation  for  instance  at  bO  GHz  these 
links  have  a likewise  low  probability  of  intercept  (Ll’l).  Typical  applications  are 
battle  field  communications,  datalink  between  radar s tat i ons , and  microwave  ampling 
employments  in  a convoy. 


2.  STATE  OF  THE  ART  AND  AVAILABILITY  OF  MM-WAVE  SEMICONDUCTORS 

Because  of  the  rapid  development  of  semiconductor  technologies  mm-wave  techniques 
today  mostly  use  diodes  for  power  generation,  signal  detection,  and  frequency  con- 
version. 

Fig.  1 shows  a graph  of  the  power  increase  of  Impatt-  and  Gunn  oscillators  re- 
spectively at  the  example  of  11  GHz  diodes.  The  data  are  the  highest  catalogue 
specifications  which  has  been  available  in  recent  years.  The  annual  increase  of 
power  observed  up  to  now  is  about  1 dB/year. 

Impatt  diodes  mainly  are  used  as  transmitter  diodes  in  radar  or  communication 
systems.  Compared  with  Gunn  oscillators,  Impatt  devices  are  easier  to  sweep  by 
changing  the  current.  Sweep  ranges  up  to  10  GHz  at  10  GHz  center  frequency  are 
achievable.  In  the  question  of  available  power,  the  silicon  technology  today  delivers 
up  to  10  watt  peak  power  at  10  GHz.  using  double  drift  Impatts  on  diamond  heat  sink, 
fig.  2.  These  values  are  the  best  reported  data  /!/.  The  best  commercially  available 
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data,  todav  are  about  5 W peak  power  and  200  mW  CV-power.  Hecause  of  the  price,  how- 
ever, theae  diodes  are  not  suited  for  massproduc t ton  up  to  now. 

Gunn  devices  todav  are  available  up  to  tOO  GHz,  fig.  3.  The  well  known  advantage 
of  these  elements  is  the  better  noise  measure  as  compared  to  lmpatt  diodes.  There- 
fore Gunn  elements  are  used  for  local  oscillators  and  for  transmitters  of  self- 
mixing  doppler  systems  for  instance.  Furthermore  Gunn-e 1 emen t s are  appropriate  for 
puls-oscillators  especiallv  at  frequencies  in  ka-band.  The  dk  sadvan t age  of  Gunn- 
elements,  however,  is  the  smaller  obtainable  power  which  today  is  about  10  mW  at 
90  GHz.  Standard  material  of  Gunn  devices  is  GaAs.  The  InP- t echnol ogv , theoretically 
promising  better  efficiency,  recently  renders  better  results  /2/. 

The  package  of  Gunn-  or  lmpatt  diodes  in  most  cases  consists  of  a quartz  or  ceramic 
ring  surrounding  the  chip,  which  is  soldered  on  a copper  or  diamond  heatsink.  The 
chip-top  is  contacted  with  a metal  coverdisk  using  a small  ribbon  in  a single  or 
crossover  version. 

Schot tkv-fiarr ier-d lodes  on  GaAs  today  are  the  standard  semiconductors  used  for  down- 
converting mm-wave  signals  in  the  lower  lF-bands  below  X-band.  Compared  to  lmpatt- 
or  Gunn-diodes  the  varietv  of  commonly  used  package  types  is  obvious,  which  is 
caused  by  different  problems  to  be  solved.  Some  examples  of  typical  mixer  diodes 
are  shown  in  fig.  4. 

best  results  in  question  of  noise  figure  can  be  obtained  using  honeycomb-whisker- 
diodes.  The  diode  chip  containing  thousands  of  single  Schot tkv-diodos  is  contacted 
bv  a whisker.  The  disadvantage  of  poor  mechanical  stability  can  be  avoided  using 
nlanar  structures  (slot-line  or  fin-line  on  quartz-subs trat ) • Experiences  concerning 
with  this  technique  have  shown  similar  noisefigures  compared  to  the  conventional 
whisker  method  /3/. 

Whisker-diodes  encapsulated  in  a ceramic  package  deliver  quite  good  electrical 
values  as  well  as  good  mechanical  performance  /'l/.  The  built-in  procedure  is  easier 
compared  to  t h#»  pure  whisker-t echnologie , hut  the  price  of  these  diodes  is  verv 
high.  For  lower  frequency  application,  bonded  diodes  incorporated  in  a similar 
package  give  good  results.  For  lower  frequencies  also  beam-lead  diodes  or  "chip* 
wire"-devices  are  well  suited  again.  Hearn-lead  devices  - Schottky  as  well  as  PIN  - 
become  more  and  more  important  at  all  especiallv  in  mm  wave  integrated  circuits 
(MHIC).  These  devices  are  less  expensive  than  whisker  contacted  diodes.  The  mechani- 
cal performance  is  better.  The  electrical  properties  though  somewhat  worse  compared 
to  whisker  diodes  are  sufficient  for  many  appl ica t ions . 


3.  W-VAVE  CIRCUITS.  DIFFERENT  TECHNOLOGIES  FOR  DIFFERENT  DEMANDS 

Mm-wave  circuits  are  not  only  an  accumulation  of  semiconductors.  Circuit  and 
technologv  are  rather  more  important  if  thermic,  mechanic  or  low  cost  requirements 
must  be  observed.  Concerning  a mm-wave  mass  production  fin-3.  *e  structures 
obviously  are  the  most  sucessfull  alternative  to  rectangu.M  w'.ve-gu. do.  Nearly 
all  microwave  components  can  be  realised  using  fin-lines  unless  high  Q-factors  are 
required.  For  high  Q and  high  frequency  devices  about  90  GHz  and  above,  however, 
todav  conventionally  tooled  block  mounts  using  rectangular  waveguides  still  give 
better  results. 

3.1  Oscillators  and  mixers  up  to  90  GHz 

Gunn-  or  Impat t -osc i 1 lators  as  well  as  Schottky  mixers  are  the  most  important 
components  for  mm-wave-equipmen t s at  all.  Concerning  oscillators  results  can  be 
predicted  verv  well.  Using  a test  oscillator-mount  unknown  values  of  diode  para- 
meters, e.g.  negative  resistance,  junction  capacitance,  and  post  reactance  are 
derived  from  measured  behaviour  of  oscillator  frequency  and  power  depending  of 
iris-diameter  /!>/•  In  conjunction  with  producer  data  of  package  capacitance  and 
ribbon  inductance  the  oscillator  performance  can  be  calculated  including  power  out- 
put, frequency,  temperatur  stability,  quality-factor,  pushing,  and  pulling. 

Fig.  9 shows  an  approved  oscillator  device  well  suited  for  cw-  or  pulse  applications 
up  to  60  GHz.  The  oscillator  does  not  need  a reduced  bight  waveguide,  thus  for  mass 
production  a short  piece  of  a commonlv  used  waveguide  embedded  in  a roughly  tooled 
block  mount  can  establish  the  cavitv  /6/.  The  power  obtained  is  in  general  higher 
than  that  noted  on  the  producer’s  diode  data  sheet.  Temperatur  stability  as  well 
as  mechanical  tuning  ranf^t*  are  sufficient  for  most  applications  in  radar,  radio- 
metrv,  and  communications. 

For  frequencies  above  60  GHz  oscillators  containing  a coaxial  low  pass  filter  as 
shown  in  fig.  are  easier  to  fabricate.  Hue  to  the  higher  frequency  this  mount  is 
matnlv  used  for  lmpatt  diodes.  To  obtain  good  results  the  low  pass  filter  ("choke") 
must  be  designed  and  tooled  verv  carefullv  to  achieve  reproduc t i v i t y and  to  avoid 
rf-leakage.  Depending  on  the  employed  diodes  cw-power  of  more  than  100  mW  at  90  GHz 
Is  a typical  value. 

Mixer  devices  at  mm-wave length  in  general  exhibit  more  variety  compared  with  os- 
cillators. This  is  caused  by  different  diode  packages  as  well  as  bv  different  mixer 
appl teat ions . Fig.  7 shows  a very  simple  hut  rugged  mixer  device,  which  exhibit 
excellent  low  conversion  loss  and  noise  figure  at  frequencies  up  to  60  GHz  /7/* 
Similar  to  the  oscillator  as  described  above  the  mixer’s  cavity  is  not  more  than  a 


I 

i 


piece  of  t ho  roUti'd  roc  t angul  ar  waveguide  incorporating  a quart  z.-subst  rat  in  croan 
piano.  A slot  roaonator  carries  a beam-lead  diode  on  it**  backside  thus  separating 
IK  and  RF  circuits.  The  diode’s  lK-circuit  is  floating  in  respect  to  ground  so  that 
diode  polarities  can  be  chosen  arbi t rari ly • This  is  important  for  combining  units 
to  balanced  mixers.  A tuning  screw  enables  to  compensate  deviations  of  diode  para- 
meters or  to  change  the  center  frequency  up  to  500  Mil*.  Depending  on  diodes,  best 
mixer  data  are  A • b dll  conversion  loss  at  7 dll  SSI!  noise  figure  including  2 dll  IF 
amplifier  noise  contribution. 

At  frequencies  about  60  Gllz  good  results  have  been  obtained  using  encapsulated 
whisker  diodes.  To  achieve  the  right  diode  position  a small  collet  is  used  to  pick 
up  the  diode  /ft/.  This  important  detail  is  responsible  for  a reliable  mixer 
operation  at  good  electric  values:  Conversion  losses  of  A. 5 dll  at  bO  fill*  and  6.5  dll 
at  90  (ill*  can  be  reproduced* 

1 , 2 Fin-1  ine  s t rue  t tires 

As  mentioned  above,  the  fin-line  is  a verv  successful!  alternative  to  the  commonly 
used  rectangular  waveguide.  The  most  important  fin-line  cross  sections  are  shown 
in  fig.  ft.  The  simplest  tvpe  of  line  is  the  wellknown  unilateral  fin-line  which  is 
best  suited  for  almost  all  fin-line  components  /9/.  The  bilateral  fin-line  carries 
a metal isation  on  both  substrate  sides.  This  provides  a lower  transmission  loss 
as  well  as  more  freedom  in  biasing  active  components,  for  instance  matched  PIN- 
attonuators  or  mixers  with  antiparallel  switched  diodes.  The  smallest  wave  impe- 
dance this  line  is  delivering  is  about  100  Q . lower  wave - impedanc es  down  to  10  0 , 

however,  can  be  realized  using  antipodal  fin-lines,  which  are  best  suited  for 
wave  transformers  with  verv  high  transformation  factors  20: l).  Therefore  the 

antipodal  fin-line  is  a good  transition  medium  between  rectangular  waveguide  and 
microstrip.  Nevertheless  great  care  must  be  taken  to  design  a well  matched  broad- 
band transition  from  rectangular  waveguide  to  fin-line.  Extensive  experiments 
testing  a lot  of  transition  contours  lead  to  an  unstopped  device  incorporating  a 
curved  shape  similar  to  a parabola  /to/.  As  a result  transitions  with  better  than 
20  dll  return  loss  covering  entire  waveguide  bands  have  been  realised.  In  addition, 
because  of  no  broadband  demands  for  most  applications,  narrow  band  return  losses 
better  than  AO  dll  are  possible.  This  of  cause  only  can  be  -carried  out  using  computer 
aided  design  and  automatic  plotted  layout  generation.  Fig.  9 gives  a summary  of 
realized  passive  components.  Regarding  fin-line  mixers,  detectors  and  PI N-d i ode -c om- 
ponents  the  inherent  broadband  characteristics  overcome  all  conventional  waveguide 
devices.  In  most  cases  the  band  limits  are  not  given  by  the  circuit  but  by  the 
measurement  equipment.  The  conversion  loss  of  balanced  mixers  can  be  reduced  down 
to  “*,5  dll  broadband  using  a tuned  10.  Otherwise  losses  do  not  exceed  11  dll  over 
the  entire  Ka-band  incorporating  a fixed  LO  in  midband  as  an  integrated  part  of 
the  front  end.  These  oscillators  can  quite  easily  be  built  up  by  heatsinking  the 
diode  at  the  waveguide  wall. 

PIN-at tenuators  and  switches  are  developed  in  manyfold  versions:  Broadband-devices 
with  insertion  loss  less  than  1 dB  and  isolation  better  25  dll  over  the  entire  Ka- 
band  have  been  realized.  Narrow  band  resonator- tvp  attenuators  only  need  one  diode 
to  achieve  similar  values  as  the  broadband  at t enua tors • Even  at  90  GHz  2 dll  loss 
and  15  dll  isolation  have  been  obtained  using  onlv  one  low  cost  beam-lead  PIN-diode. 

For  some  appl i cat  ions , in  the  turned-off  case  no  power  should  be  reflected.  Providing 
a seperat  e 1 v biased  matching  PIN-diode  in  front  of  the  others  15  dll  return  loss  at 
all  transmission  values  has  been  realized. 

PIN-at t enuators  furthermore  can  be  expanded  to  mul t i -port -pin-swi 1 ch-component s 
using  fin-lines.  These  devices  in  general  exhibit  the  same  data  ns  compared  to 
PIN-at t enuators.  Designing  power  dividers,  the  choice  of  impedance  relation  between 
outgoing  arms  determins  the  power  division. 

Fin-line  couplers  have  shown  good  results.  Remarkable  properties  are  high  coupling 
factors  up  to  cross-over  operation  as  well  as  excellent  bi'oadhntut  directivity. 

Finally  the  main  advantages  of  fin-lines  compared  with  the  rectangular  waveguide, 
should  be  summarised: 

o concentration  of  field  and  waves  on  small  diode  dimensions 
o multiband  devices  are  possible 
o almost  all  components  can  be  realized 
o a high  integration  level  is  possible 
o more  flexible  than  monolithic  devices 
o suited  also  for  small  size  mass  production 
o low  cost  circuit  design  and  development 


A.  MM-VAVE  SYSTEMS  FOR  MILITARY  APPLICATIONS 

As  mentioned  i n the  introduction  the  most  important  applications  of  mm-wave  components 
are  radar,  communications  and  radiometrv.  In  the  following  some  examples  recently 
developed  at  AKG -TLLRFDNKEN  are  given. 
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4.1  A coherent  pulse-radar  at  J5  GHz 

In  fig.  tO  « block  diagrams)  of  a coherent  35  Gilt  pulse-radar  is  shown  /It/.  The 
haart  of  tha  system  la  a 34.5  Gil*  CW  Gunn- one  i 1 lator  which  ia  locking  a 500  Nlit 
ampl 1 t uda -modula t ad  Gunn  nourca  by  maana  of  tha  lower  sideband.  This  delivers  a 
quartz  stabilized  lF-referenca  to  provide  a coherent  down  conversion.  In  addition 
tha  overlaved  pulse  modulation  avoids  spurious  signals  at  35  GHz.  which  may  decrease 
mixer’s  sensitivity.  After  passing  a 15  Gllz  bandpass  tha  pulse  is  amplified  using  a 
pulsed  svnehronised  Gunn-osc 1 1 1 a t or • The  antennas  output  power  is  about  1.5  W. 

The  received  signal  is  attenuated  bv  means  of  a P1N-STC  using  fin-lines.  The  in- 
sertion loss  is  0.4  dR , the  isolation  12ft  dB.  Noise  figure  of  the  mixer  is  about 
6 dB  including  1.4  dB  IF  amplifier  contribution. 

Fig.  11  shows  the  radar  without  cover.  The  microwave  circuit  is  embedded  in  the 
upper  part.  The  right  and  left  sides  contain  the  transmitter-  and  receiver  electronic 
circuits.  Inputs  and  outputs  as  well  as  controll  equipment  is  situated  on  the  back- 
side. 

4.'.!  A 64  GHz  radio-link  using  a parametric  up-converter 

Another  example  of  mm-wave  applications  is  a broadband  radio-link  at  64  GHz  which  is 
under  construction  at  present,  fig.  12,  Most  important  part  of  the  transmitter  (on 
left)  is  a parametric  up-convert er , which  renders  a broadband  modulation  up  to 
500  MHz  bandwidth  at  a conversion  gain  of  7 dB , /1J/.  The  mixer’s  SSB  noise  figure 
is  less  than  6 dB.  Fig.  11  shows  on  left  the  parametric  up-convert er  containing  two 
waveguido-f i 1 tors  for  signal-  and  pump-power  respectively  and  the  varactor  double- 
tee-mount  in  between.  On  the  right,  the  down  - converter  is  shown,  containing  the 
directional  filter',  the  LO , the  mixer  mount,  and  an  adjustable  high  precision  tun- 
able backshort. 

4.1  A 00  GHz  radiometer  receiver  front  end 

A well  known  application  of  mm-wave  component s at  higher'  frequencies  are  radiometer 
receivers.  A typical  Mock  diagram  of  a front  end  is  shown  in  fig.  14.  Although  to- 
day sufficient  Gunn-LO  power'  at  90  GHz  is  available,  varactor'  doubled  sources  at 
45  GHz  are  less  expensive  and  deliver*  more  power.  This  is  useful  1 if  encapsulated 
mixer  diodes  are  utilized  requiring  somewhat  more  power  than  whisker  contacted  diodes 
without  package.  The  1.0  decoupling  of  the  signal  input  considerably  can  be  increased 
bv  compensating  the  input  circulator'  by  means  of  a sliding  load.  More  than  40  dB  is 
reproducible.  The  total  svstem  DSB-noise  figure  which  can  be  reproduced  including 
circulator  loss  and  IF-noise  contribution  is  about  9 dB. 
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Fig.2  linpatt-diodc  power  vs.  frequency 


mm-'*a\e  mixer  diodes 
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DISCUSSION 

ll.C.OItmam.  US 

( 1 1 What  was  the  instantaneous  and  tunable  bandwidth  of  your  example  45  till/  coherent  radar'.’ 

(4)  Is  the  local  oscillator  tunable'.’ 

Author’s  Reply 

(1 ) Bandwidth  is  about  ! s-  II/,  given  bv  the  transmitter  pulse 

1 0 x 10 

(2)  Ihe  local  oscillator  is  not  tunable,  but  may  be  replaced  by  another  at  a different  frequency. 

M.C.Carter.  U K 

Were  there  any  problems  due  to  leakage  through  the  circulator. 

Author’s  Reply 

I he  attenuation  of  the  isolated  circulator  path  combined  with  the  1*1  N-S  l'l'-attenuation  is  sufficient  for  our 
application. 
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IN  THE  PRETUNED  MODULE  TECHNOLOGY 


Gerard  Cachier,  Jean  Stevance 
THOMSON-CSF 
Domaine  de  Corbeville 
91401  Orsay  - France 


SUMMARY 


The  pretuned  module  (PTM)  is  a new  millimeter  oscillator,  which  has  been  first  described  at  the 
1977  ISSCC.  It  is  a rugged  device  wich  integrates,  together  with  an  IMPATT  diode,  all  the  elements  for 
both  internal  matching  and  external  radiation  towards  the  utilization.  It  makes  the  control  of  the 
oscillator  really  easy. 

In  this  paper  we  show  that  it  also  lends  itself  quite  well  to  electronic  tuning  with  a varactor 
diode.  This  is  done  by  inserting  two  identical  modules  in  each  broad  wall  of  a retangular  waveguide,  one 
of  them  being  polarized  below  the  breakdown.  A few  percent  tuning  bandwidth  can  thus  be  obtained. 

1 . INTRODUCTION 

Many  applications  of  the  millimeter  waves  require  electronic  frequency  tuning.  Examples  of  this 
are  automatic  frequency  control  of  local  oscillators,  FM  transmitter  oscillators  for  communication 
applications,  transmitters  for  FM  radars,  and  phase  locked  oscillators  for  a wide  variety  of  applications. 

In  the  millimeter  range,  oscillators  are  Gunn  or  IMPATT  diodes.  These  diodes  can  be  frequency 
modulated  by  the  modulation  of  the  bias  current,  as  it  was  shown  by  CHAO  and  by  CHANG  for  IMPATTS,  by 
LAZARUS  for  Gunns.  This  method  necessitates  only  one  diode.  It  has  been  used  especially  in  the  case  of 
IMPATT  oscillators.  A better  technique  for  achieving  this  modulation  consists  of  controling  the  oscilla- 
tor frequency  with  a separate  varactor  diode.  This  method  necessitates  more  ref ined  circui t techniques, 
which  have  been  achieved  successfully  both  in  a conventional  waveguide  by  CHANG  and  on  a microstrip  by  GLANCE 
and  by  RUBIN. 

If  we  consider  now  the  problem  of  millimeter  circuits,  it  turns  out  that  a careful  choice  has 
to  be  done  as  one  selects  a given  technique.  In  addition  to  the  performance  , the  simplicity  of  the 
design  and  the  cost  are  important  factors.  The  reason  is  that,  in  many  of  the  applications  considered  up 
to  now  - and  particularly  for  military  applications  - these  techniques  are  in  competition  with  both  lower 
frequency  microwaves  and  higher  frequency  infrared  techniques.  Our  approach,  which  was  presented  at  tne 
1977  ISSCC,  is  to  realize  the  millimeter  oscillators  as  integrated  modules,  which  will  be  described  in 
the  first  part  of  this  paper.  It  will  then  been  shown  that  these  modules  lend  themselves  quite  well  to 
the  realization  of  varactor  tuned  oscillators  by  simply  combining  two  separate  modules  in  a standard 
waveguide . 

2.  THE  PRETUNED  MODULE 

2.1  Description  of  the  module 

The  device  (fig.  1)  has  the  shape  of  a flat  dielectric  cylinder  attached  to  a copper  holder,  and 
metallized  on  the  top.  It  incorporates  a silicon  IMPATT  diode  in  its  center  and  a radial  circuit  around 
it,  which  matches  the  diode  to  the  outside  world.  The  whole  structure  is  a pretuned  oscillator,  which 
can  be  used  in  a wide  variety  of  millimeter  circuits. 

As  it  has  been  explained  at  the  Cornell  conference,  the  principle  of  the  matching  radial  line  is 
similar  to  the  well  known  cap  circuit  described  by  MISAWA  wich  usually  gives  the  best  results  at  millimeter 
frequencies.  The  radial  line  has  a radius  of  about  A/4  (the  wavelength  is  computed  within  the  dielectric 
material  constituting  the  module).  This  brings  to  the  diode  a selfic  reactance  which  tunes  it  to  the 
desired  frequency.  The  rim  of  the  module  is  the  open  end  of  the  line.  It  acts  as  an  antenna  which  couples 
the  module  either  to  the  free  space,  or  to  a standard  rectangular  waveguide.  This  also  brings  to  the 
diode  the  proper  value  of  circuit  resistance,  wich  is  necessary  for  the  diode  to  operate  with  maximum 
output  power. 

In  design,  a silicon  IMPATT  diode  is  initially  thermocompression  bonded  to  the  holder,  junction 
down  for  best  thermal  dissipation.  Then  a quartz  ring  is  attached  to  the  holder,  around  the  diode.  This 
ring  is  made  by  truncating  a capillary  tube.  The  diode  is  then  passivated  with  a polyimid  resin.  The 
structure  is  polished  to  bring  the  diode,  the  resin  and  the  quartz  to  the  same  height  above  the  holder. 

It  is  metallized,  both  for  making  an  ohmic  contact  to  the  back  of  the  diode  and  forming  a radial  waveguide 
between  the  metallization  and  the  holder.  Typical  dimensions  are  a height  of  0,03X  (X  - free  space 
wavelength),  and  a diameter  of  0,3X  for  fused  quartz  as  a constituting  material  (e  ■ 4)  . We  can  see 
therefore  that  the  module  has  a low  profile  and  a large  metallized  top  surface.  This  will  ensure  both 
mechanical  ruggedness  and  easy  handling. 

2.2  Mounting  and  performance 

This  module  can  be  used  in  simple  millimeter  circuits.  One  of  mounting  techniques  consists  of 
inserting  the  module  horizontally  in  a standard  rectangular  waveguide  as  indicated  on  fig.  2.  The  large 
metallized  top  surface  allow  easy  bias  with  a thin  wire  wich  crosses  the  walls  of  the  waveguide  through 
alumina  rings.  This  wire  is  used  to  control  the  insertion  of  the  module  in  the  waveguide,  so  that  the 


surface  of  the  thermal  holder  lies  in  the  plane  of  the  bottom  wall.  The  output  power  has  been  up  to  400  mW 
at  45  GHz.  The  behaviour  as  a function  of  the  bias  current  is  smooth  : the  frequency  pulling  is  less  than 
100  MHz  over  the  whole  oscillation  range,  without  frequency  jumps. 

Another  alternative  consists  of  making  a small  (about  I cm')  holder,  with  the  bias  feed  incorporated 
to  it.  The  d.c.  bias  is  applied  through  an  insulated  wire  crossing  the  thermal  heatsink  attached  to  the 
holdet . A thin  (■'-  3CUta)goid  wire  is  then  T.C.  bonded  on  the  top  of  the  I’TM  as  shown  on  fig.  3.  This  wire 
is  soldered  to  the  bias  feed.  Then  this  holder  is  inserted  horizontally  in  the  waveguide  as  in  the  previous 
technique. 

3.  VARACTOR  TUNE11  OSCILLATOR 

3.1  Varactor  tuning 

Varactor  tuning  of  negative  resistance  oscillators  has  been  described  theoretically  by  CAWSEY.  We 
will  assume  here  a series  tuning-that  is  the  varactor  is  mounted  in  series  with  the  oscillator  (fig.  4). 
This  corresponds  to  the  mounting  scheme  wich  will  be  described  later.  The  transformer  represents  the 
amount  of  coupling  to  the  oscillator. 

In  this  circuit,  the  frequency  tuning  obtained  when  the  capacitance  of  the  varactor  is  changed 
between  and  C ^ is  : 


4 a Ca  .d  f 

{ 2 c?*  L 

Q,  - - ± — • < 


(external  Q of  the  circuit) 


(Q  of  the  diode) 


It  is  often  more  convenient  to  introduce 

e*  Qe  -f 

Q*l''  X 

which  represents  the  logarithmic  derivative  of  the  reactance  vs.  the  frequency.  S can  be  computed,  and 
also  measured  on  a model  scaled  down  at  a lower  frequency.  Usuallyx2  <S  < 10.  The  frequency  tuning  is  now 
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This  formula  shows  that  : 


- the  resistive  component  of  the  circuit  impedance  does  not  affect  the  frequency  tuning 

- there  are  two  independant  factors  which  are  of  importance.  One  is  the  sensitivity  S of  the  reactance  to 
the  frequency.  The  other  is  the  relative  change  of  the  varactor  capacitance  as  it  is  seen  by  the  1MTATT 
diode.  The  tuning  is  higher  with  small  varactor  diodes,  closely  coupled  to  the  1MTATT. 

It  is  important  to  have  the  two  diodes  as  close  as  possible,  in  order  for  the  microwave  circuit 
which  does  the  coupling  between  them  to  be  as  constant  as  possible.  The  TTM  lends  itself  quite  well  to 
that  constraint. 

3.2  PTM  with  a varactor  diode 

The  varactor  diode  is  an  IMPATT  diode  polarized  below  its  breakdown  voltage.  It  is  therefore 
straightforward  to  make  a tuning  module,  which  looks  identical  to  the  oscillator.  Its  electrical  description 
is  now  a smalt  length  of  radial  transmission  line,  fed  from  its  periphery,  and  terminated  by  the  varactor 
d iode . 

Assuming  that  the  radial  line  is  low  loss,  and  that  it  is  fed  by  a matched  transmission  line,  one 
finds,  after  YOITLA,  that  the  reflection  coefficient  on  the  varactor  diode  is  : 

i G p * _ a 

p . eJ  h 

1 Zr  ♦ 2V 

where  Zv  - Rv  ♦ ■ (impedance  of  the  varactor) 


- impedance  of  the  matched  radial  line  aa  seen  from  the  varactor 


0 • phaae  (independant  of  Zv) 


Z^  can  be  calculated  by  the  method  described  at  the  Cornell  Conference. 


However,  a simple  result  is  obtained  by  observing  that  the  maximum  influence  happens  when  the  reactances 
of  Zr  and  Z v are  equal.  This  is  exactly  the  case  of  an  oscillator.  It  therefore  follows  that  the  design 
of  a tuning  module  with  maximum  coupling  and  the  design  of  an  oscillator  are  quite  similar.  We  will 
actually  use  identical  modules  for  either  oscillators  or  tuning  elements. 

3.3  Varactor  tuned  oscillator 

The  oscillator  module  and  the  tuning  module  are  capacitively  coupled  by  bringing  together  at  a 
close  distance  the  top  surface  of  each  module.  This  is  doneeasily  by  inserting  each  of  them  horizontally 
in  the  waveguide  through  each  broad  wall,  as  shown  on  fig.  5,  Each  module  is  biased  separately  : the 
oscillator  by  a wire  crossing  the  waveguide,  the  varactor  by  using  a mount  with  an  incorporated  bias  feed 
(both  techniques  described  in  5 2-2).  This  design  allows  enough  flexibility  by  changing  the  distance 
between  the  two  modules. 

We  have  observed  experimentally  that  the  coupling  is  higher  if  the  two  modules  are  closer.  This 
shows  that  the  coupling  is  due  to  the  proximity  of  the  metallized  surfaces  of  the  modules. 

We  have  obtained  with  that  technique  500  HHz  of  smooth  tuning  at  45  GHz,  as  shown  on  fig.  6. 

Power  variation  over  500  MHz  tuning  was  3 dB.  The  Qe  of  the  oscillator,  measured  by  the  tuning  bandwidth, 
was  between  60  and  90.  By  changing  the  coupling,  we  have  obtained  in  the  same  range  1020  MHz  smooth  tuning 
with  somewhat  less  power,  and  also  2000  MHz  tuning,  but  with  a 300  MHz  frequency  jump.  With  a slightly 
different  cavity  900  MHz  tuning  was  obtained  in  the  30  GHz  range. 

As  a conclusion,  an  electronic  tuning  bandwidth  of  a few  percent  can  be  obtained  bv  varactor 
tuning  of  a pretuned  module.  This  looks  sufficient  for  some  of  the  typical  applications  already  considered. 
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Abstract 

For  adverse  weather  applications  short  millimeter  wavelengths  offer  needed  high  resolution  to  the  small- 
est of  missiles.  In  the  past,  the  high  cost  of  millimeter  wave  (MMW)  components  has  all  but  precluded 
its  application  to  systems  of  any  kind.  Missiles  in  particular  need  inexpensive  components  in  order 
to  be  cost  effective.  The  paper  addresses  the  development  of  low  cost  photo-etched  microstrip  com- 
ponents and  integrated  circuits  for  such  applications. 

Described  are  an  antenna,  hybrid  and  mixer  suitable  for  incorporation  into  a single  integrated  circuit 
for  either  monopulse  or  sequential  lobmg  seekers.  Incorporation  of  all  components  onto  a single 
substrate  offers  advantages  of  direct  incident  radiation  to  IE  conversion,  no  troublesome  connectors 
between  components,  and  accurate  reproduction  of  the  optimized  circuit  in  production.  The  cost  of 
developing  the  optimized  circuit  for  the  MMW  band  is  substantially  reduced  by  scaling  the  circuit  in 
all  details  to  a lower  frequency  and  hence,  larger  si/.e.  Components  for  the  MMW  circuit  described 
were  first  designed  and  optimized  and  then  integrated  and  optimized  at  a 38:  1 scale.  The  final  MMW 
circuit  was  a photo  - reduction  of  a photograph  of  the  optimized  integrated  low  frequency  circuit. 

Introduction 


Although  milimeter  waves  have  been  actively  studied  for  nearly  thirty  years,  their  widespread  application 
to  terrestrial  communication  or  weapon  systems  has  been  long  coming.  Primary  reasons  for  the  slow 
utilization  have  been  the  small  waveguide  dimensions  requiring  close  tolerances  which  imply  high  costs; 
the  small,  fragile  connectors  between  components  which  are  difficult  to  align  and  have  poor  reliability; 
atmospheric  propagation  loss;  and  until  recently,  the  relative  poor  performance  of  components.  Com- 
ponent performance  has  been  improving  with  better  semi-conductors  and  with  better  design  concepts  — 
applications  are  now  much  more  practical.  It  remains,  however,  to  achieve  low-cost  components  and 
eliminate  connections  between  components. 

This  paper  describes  microstrip  integrated  circuit  (MIC)  work  oriented  toward  the  realization  of  as  many 
microwave  components  fabricated  on  a single  substrate  as  practical.  In  this  manner,  it  is  expected  to 
achieve  low-cost  components,  elimination  of  connectors  between  components,  and  properly  done  to  still 
achieve  high  performance.  The  work  is  being  done  at  94  GHz. 

Why  choose  94  GHz?  The  94  GHz  band  offers  several  advantages  over  other  frequency  bands.  Higher 
directivity  is  realized  from  small,  missile-sized  antenna  apertures  than  from  .'9  or  10  GHz  seekers 
systems;  good  adverse  weather  operation  can  be  realized;  back  scatter  data  taken  in  rain  shows  a dis- 
tinct advantage  at  94  GHz  over  35  GHz;  small  targets  can  be  more  readily  picked  out  of  cluttered  back- 
grounds; in  the  past  few  years,  components  have  become  readily  available. 

In  the  recent  past,  antenna  and  component  techniques  have  been  demonstrated  which  suggest  that  most  of 
the  components  of  an  active  missile  seeker,  including  the  antenna  feed,  can  be  integrated  on  to  a single 
substrate.  The  work  to  be  described  illustrates  the  progress  that  has  been  made  toward  this  goal. 

Figure  1 illustrates  the  work  accomplished  thus  far.  Shown  is  a monopulse  antenna  feed  integrated  with 
a monopulse  comparitor.  To  use  it  effectively,  the  circuit  would  be  located  in  the  locus  of  a reflector  or 
lens  antenna  such  as  those  illustrated  in  Figures  3 and  3.  The  objective  is  to  demonstrate  signal  conver- 
sion from  incident  RE  radiation  to  signal  outputs  at  the  IE  frequency,  and  to  do  this  on  a single  MIC 
substrate. 

Scaled  Frequency  Tests 

Working  with  circuits  as  small  as  those  illustrated  in  Figure  3 is  difficult,  and  instead,  the  designs  were 
first  fabricated  and  tested  at  a scaled  frequency  of  3.  3 GHz.  To  scale  properly,  all  dimensions  are 
increased  by  the  chosen  scale  tactor,  here  38.4:1.  The  scaled  circuit  maintains  constant  the  impedance, 
the  wave  velocity,  and  the  dimensions  relative  to  the  wave  length,  1*1  Only  losses  cannot  be  scaled. 

Losses  are  not  a problem  so  long  as  there  are  no  high  Q resonances  in  the  circuit. 

Figure  4 shows  the  scaled  antenna  feed  circuit  composed  of  four  offset  dipole  elements,  and  Figure  5 
shows  tlie  scaled  quadrature  hybrid.  Each  of  these  circuits  were  fabricated  using  copper  tape  which 
facilitated  easy  trimming,  and  were  then  optimized  in  performance.  Following  optimization,  the  circuits 
were  photographed,  photo-reduced  to  make  a mask,  and  then  MIC  were  fabricated  at  94  GHz.  Also 
shown  in  Figures  4 and  5 are  the  eccentric  eoax-to-mic rost rip  launchers  necessary  to  minimize  radia- 
tion from  the  large  coax/microstrip  interface.  These  launchers  improve  the  match  between  the  coax 
and  microstrip  electromagnetic  fields  by  slowly  concentrating  the  coax  fields  onto  one  side  of  the  center 
conductor.  Minimizing  spurious  radiation  is  important  on  circuits  containing  antennas. 

The  measured  performance  of  the  antenna  feed  at  3.  3 GHz  is  shown  in  Figures  b and  7.  The  bandwidth 
of  the  offset  dipoles  is  3 GHz  for  a VSWR  less  than  3:1.  This  is  more  than  adequate  for  the  required 
system  bandwidth,  but  does  require  precision  photolithography  at  94  GHz.  The  dipole  lengths  must  be 
held  within  *5  microns  (±0.  0003")  in  order  to  hold  the  dipolr  frequency  within  f.5GHz.  This  precision 
is  being  accomplished  with  the  fabrication  procedures  that  have  been  developed.  Figure  7 shows  the  sum 
and  difference  patterns  of  the  scaled  circuits.  An  excellent  30  dl3  difference  null  was  obtained  A slight 
amount  of  tilt  can  be  observed  which  is  due  to  an  error  in  the  line  lengths  of  the  comparitor  network. 

I.  M.  V.  Schneider,  "Millimeter  Wave  Integrated  Circuits",  197  3 IEEE-G-MTT  International  Symposium, 
Boulder  Colorado,  June  4-6,  197.3,  p.  16-18. 
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The  measured  hybrid  performance  is  described  in  Table  1.  The  measured  bandwidth  was  greater  than 
that  expected  on  a theoretical  basis  and  is  probably  due  to  forward  coupling  in  the  hybrid  arms. 

TABLE  1.  BRANCHI4NK  COUPLER  PERFORMANCE 


Center  Frequency  3.  31  G1U 

Input  VSWR  (7%  Bandwidth)  1.  list 

Insertion  Loss  0.  10  dH 

Balance  0.  10  dB 

Isolation  (7%  Bandwidth)  £5.  0 dB 

Bandwidth  (Ret.  Loss  of  19  dB) 

Experimental  16"o 

Theoretical  12% 


Arranging  the  scaled  antenna  feed  and  hybrids  into  an  antenna /mic row ave  comparator  network  results  in 
the  circuit  shown  in  Figure  8.  The  impedance  level  of  the  microstrip  circuit  was  chosen  80  ohms  in 
order  to  realize  adequately  proportioned  hybrids.  Too  low  an  impedance  level  would  cause  the  rectangu- 
lar aperture  to  close  because  the  hybrid  tinewidths  are  inversely  proportional  to  the  circuit  impedance 
level.  The  tapered  microstrip  lines  alter  the  circuit  impedance  level  from  80  to  80  ohms,  and  areonly 
needed  in  these  test  circuits  to  interface  with  standard  measuring  equipment.  The  generous  curves  in 
the  microstrip  layout  were  used  to  minimize  radiation  from  the  narrow  80  ohm  lines.  Radiation  not  only 
degrades  the  antenna  patterns,  but  would  result  in  circuit  loss  and,  hence,  degraded  performance.  The 
performance  of  this  circuit  is  listed  in  Table  2. 


TABLE  2.  SCALED  AN  TENNA/COMPAR1  TOR  PERFORMANCE 


VSW  R 

(X.  XX:  1 ) 

ISOLATION  (dB) 

SUM 

1.  14 

AAz  — SUM 

26.  2 

A Az 

1.  55 

AAz  — EL 

22.  8 

A El 

1. 06 

A As-  A A 

17.  s 

A A 

1.  51 

AE1  — SUM 

22  4 

AE1  — AA 

26.  6 

SUM-  AA 
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Figure  9 is  a photograph  of  the  antenna  feed-microwave  comparator  MIC  that,  as  previously  mentioned, 
was  fabricated  by  photographing  the  scaled  circuit,  photo -reducing  it  and  photo -etching  it  on  a fused 
silica  substrate.  All  substrates  were  0.  11  mm  (0.0044  in.  ) thick,  and  the  photographed  substrate  is 
13  by  15  mm  (0.  50  by  0.  57  in.  ).  The  circuit  is  mounted  on  a replaceable  carrier  that  interfaces  with 
the  two  waveguide-to-microstrip  launchers  shown  in  Figure  4,  Circuits  have  been  fabricated  using  both 
gold  and  copper  metalizations . 

The  waveguide-to-microstrip  adapters  use  a ridged  waveguide  transformer  to  transform  waveguide 
signals  onto  the  microstrip  circuit.  The  transformer  is  a five-step  Chebyshev  design  with  a theoretical 
VSWR  of  I.  02tl.  Over  a 25%  bandwidth,  a scaled  version  of  the  adapter  achieved  a maximum  VSWR  of 
1. 09:1.  The  94  GHz  version  showed  a maximum  VSWR  of  1.  23:1  in  the  measured  band  from  90  to  100  GHz 
The  source  of  the  mismatch  was  found  to  be  the  ridge  transformer  — a not  unexpected  result  upon  con- 
sidering the  tolerances.  Metal  to  metal  contact  is  made  between  the  ridge  and  microstrip  circuit.  To 
achieve  this  contact  without  restrictive  tolerances,  the  top  wall  of  the  waveguide  is  made  flexible  so  that 
it  may  be  deformed,  and  thereby  press  the  ridge  onto  the  microstrip  circuit. 

The  measured  return  loss  of  the  three  major  channels  of  the  44  GHz.  antenna  /comps  rator  MIC  is  shown 
in  Figure  10.  Note  that  the  best  match  is  obtained  at  approximately  93.5  GHz.  With  this  circuit,  the 
best  match  should  be  obtained  at  the  resonant  frequency  of  the  dipoles.  The  latter  were  designed  for  a 
best  match  at  94  GHz.  Hence,  these  measurements  imply  that  the  etched  circuit  is  slightly  oversized, 
which  accounts  for  the  0.  5 GHz  reduction  in  frequency.  Precision  measurements  of  the  dipole  lengths 
confirm  they  are  oversized  by  1/2%',  which  accounts  for  the  error  in  resonant  frequency. 

The  impedance  matches  seen  at  the  three  terminals  are  not  equally  good.  This  is  to  be  expected.  Due 
to  mutual  coupling  between  the  closely  spaced  dipoles,  it  is  not  possible  for  each  terminal  to  see  the 
same  match.  Mutual  coupling  effects  differ  in  each  channel  due  to  the  fact  that  the  dipoles'  signals  are 
added  and  subtracted  in  different  ways  to  form  each  channel  signal. 

Micros! rip  Circuit  Losses 

Of  critical  importance  is  measurement  of  microstrip  losses  at  44  GHz.  It  is  well  known  that  microstrip 
is  a relatively  lossy  transmission  line  medium  when  compared  w ith  waveguide.  On  a per-unit -length 
basis,  microstrip  has  an  order  of  magnitude  greater  loss.  Hence,  microstrip  c*n  only  be  a useful  cir- 
cuit medium  if  the  total  circuit  size  can  be  kept  small,  thereby  keeping  losses  small.  To  verify  that 
microstrip  losses  could  be  kept  small,  it  was  considered  Important  to  measure  these  losses. 

The  losses  due  to  the  microstrip  lines  can  be  obtained  bv  a differential  measurement  using  U-shaped 
circuits  like  that  shown  in  Figure  11.  By  measuring  the  loss  from  waveguide  port  to  waveguide  port  of 
two  U-shaped  circuits  of  different  length  and  then  subtracting,  the  loss  due  to  the  length  difference  is 
obtained.  The  latter  is  the  only  variable  in  the  test. 


1 


The  measurements  show  that  the  50  ohm  microstrip  has  1.  1 db/in.  loss.  This  implies  that  the  antenna/ 
comparator  circuit  will  have  a total  insertion  loss  of  0.  8 db  — a reasonable  value  for  this  type  of  circuit. 

Concluaion 

The  fabrication  processes  and  tests  conducted  thus  far  on  the  94  GHz  MIC  show  the  feasibility  for  inte- 
grating microstrip/dipole  antenna  on  the  same  substrate  with  other  RF  circuitry.  Scaled  frequency  tests 
showed  good  results  which  were  generally  confirmed  at  94  GHt.  Although  microstrip  line  losses  are 
higher  than  waveguide  when  compared  on  a basis  of  equivalent  lengths,  such  is  not  true  when  contpared 
on  a basis  of  equivalent  circuits.  Losses  for  equivalent  circuits  are  essentially  the  same  — about  0.8  dll 
for  the  described  circuit.  The  ability  to  fabricate  seeker  circuits  using  photoreplicating  techniques 
promises  to  yield  low  cost,  reproducible  circuits.  It  remains  to  integrate  mixers  and  other  seeker 
components  to  determine  performance  limits.  This  work  is  continuing. 
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SUMMARY 


The  technological,  fabrication  and  performance  features  of  the  hybrid-open  microstrip  MIC  design  approach 
are  discussed  when  applied  to  the  superheterodyne  type  of  receiver  in  the  frequency  range  of  26  to  90  GHz. 
Gold  microstrip  circuits  formed  by  thin  film  techniques,  broadband  waveguide  feeders,  non-reciprocal  devices 
formd  by  embedding  the  ferrite  disk  in  the  dielectric  substrate,  and  improved  rugged  construction  gallium 
arsenide  beam  lead  diodes  provide  the  basis  for  the  design  of  mixers  and  receivers  in  this  frequency  range. 
Special  packaging  techniques  to  provide  a rugged  construction  to  meet  the  requirements  of  military  environ- 
ments are  described.  A balanced  mixer  designed  for  the  frequency  range  of  65  to  85  GHz  with  an  overall 
noise  figure  of  about  10  dB  (Fj£  = 1.5  dB)  and  an  operation  temperature  range  of  at  least  -55°C  to  +85°C 
provides  a good  example  of  the  techniques  employed  and  is  discussed  in  detail.  Finally,  the  application 
of  these  features  to  provide  rugged  multi-circuit  receivers  operating  at  about  35  GHz  is  described.  Such 
receivers  combine  several  circuit  functions  on  a single  substrate  including  isocirculators,  and  provide 
an  overall  noise  figure  of  about  8.0  dB. 

1 . INTRODUCTION 

The  increasing  system  interest  at  millimeter  wavelengths  is  stimulating  the  need  for  compact-rugged 
receiver  circuits  based  on  the  superheterodyne  principle  of  operation,  and  many  forms  of  transmission 
line  are  being  explored  by  the  circuit  designer  to  meet  these  requirements. 

It  may  be  claimed  that  open-microstrip,  air-spaced  triplate,  fin  line,  dielectric  guide  in  the  form  of 
image  and  insular  line,  and  conventional  waveguide  all  have  particular  merits.  However,  the  ultimate 
objective  of  the  transmission  medium  must  be  to  provide  application  and  integration  versatility.  This 
implies  the  capability  of  active  and  passive  circuit  function  integration,  to  enable  many  circuit 
functions  to  be  combined  in  compact  structures,  by  the  use  of  technologies  which  realise  the  reliability 
and  environmental  aims  of  military  type  systems. 

The  open-microstrip  transmission  medium  in  conjunction  with  hybrid  techniques  has  found  wide  acceptance 
for  MIC  applications  up  to  at  least  18  GHz,  and  the  design  and  reliability  aspects  are  now  well  proven 
for  system  requirements.  The  main  advantages  of  the  hybrid-microstrip  design  approach  are  : circuit 
fabrication  by  well  known  thin  film  techniques,  easy  inclusion  of  active  devices  due  to  the  open  con- 
figuration, and  versatility  provided  by  the  capability  to  combine  circuit  functions  of  active  and  passive 
form.  The  main  disadvantages  may  result  from  the  radiation  and  low  Q characteristics.  In  general  there- 
fore, it  is  a potentially  easy  fabrication  - low  cost  circuit  structure,  provided  that  it  is  not  over- 
designed  for  a particular  application.  However,  as  with  many  microwave  components,  high  costs  can  be 
involved  when  considering  the  packaging  and  test  aspects,  particularly  for  the  small  volume  requirements 
of  the  specialised  product. 

It  is  the  intention  of  this  paper  to  indicate  that,  although  the  application  of  hybrid-microstrip  techniques 
to  millimeter  wavelengths  may  involve  specialised  and  high  technology  features,  it  is  still  a very  com- 
petitive design  approach  up  to  at  least  90  GHz  for  applications  to  mixer  and  associated  receiver  circuits. 

2.  OPEN  MICROSTRIP 

The  open-microstrip  line  consists  essentially  of  a strip  conductor  deposited  on  to  a flat  dielectric  sub- 
state, the  reverse  side  of  which  is  metallized  to  provide  a ground  plane.  Conventionally,  high  purity 
alumina  is  used  as  the  substrate  material  up  to  about  20  GHz,  but  above  this  frequency  the  propagation 
characteristics  of  microstrip  suggest  that  there  is  every  advantage  in  reducing  the  relative  permittivity 
of  the  substrate  material  together  with  reducing  the  substrate  thickness.  Briefly,  this  reduces  problems 
associated  with  dispersion  and  over-moding,  and  the  lower  permittivity  enlarges  the  circuit  pattern. 

Quartz  (silica)  and  some  forms  of  plastic  laminate  substrates  provide  a more  suitable  permittivity  than 
alumina  (e.g.  2.5  to  4.0  conpared  with  about  9.5).  Quartz  however  has  the  advantage  of  a rigid  material 
which  can  be  machined  to  provide  a smooth  surface  finish,  is  drillable  and  can  be  made  thin  enough  for  use 
up  to  100  GHz.  The  most  undesirable  features  of  thin  quartz  however,  is  the  potential  handling  fragility 
before  being  incorporated  into  the  final  product. 

The  preferred  maximum  microstrip  structure  dimensions  for  acceptable  transmission  propagation  with  the  use 
of  quartz  are  : 500  pm  wide  lines  on  250  pm  thick  substrate  for  50  ohm  characteristic  impedance  in  the 
frequency  range  26  to  40  GHz;  and  250  pm  wide  lines  on  125  pm  thick  substrate  for  50  ohm  characteristic 
impedance  in  the  frequency  range  60  to  90  GHz.  The  resulting  transmission  line  losses  are  about  0.25  dB 
and  0.5  dB  p^r  cm  for  the  26-40  GHz  and  60-90  GHz  frequency  bands  respectively;  these  are  obviously 
undesirable  from  the  point  of  view  of  long  general  purpose  transmission  feeders,  but  are  considered 
acceptable  for  the  short  line  lengths  associated  with  contact  circuit  assemblies. 

3.  WAVEGUIDE  FEEDER 

The  waveguide  feeder  to  the  microstrip  line  can  be  more  problematical  for  millimeter-wave  applications, 
in  terms  of  design,  construction  and  hermeticity  compared  with  microwave  frequencies  where  coaxial  feeders 
are  commonly  used.  The  transition  from  waveguide  may  employ  stepped  or  smooth  taper  ridge  impedance 
transformers,  or  coupling  probes. 

The  coupling  probe  design  is  usually  based  on  the  formation  of  a length  of  a microstrip  line  with  the 
ground  plane  removed,  which  is  inserted  through  an  E-plane  slot  in  a length  of  short-circuited  waveguide. 


The  design  is  potentially  simple  and  low  cost,  but  has  the  disadvantage  of  limited  bandwidth  (about  52), 
critical  position  tolerancing,  additional  substrate  machining,  and  is  difficult  to  seal  against  the  ingress 
of  moisture. 

Similar  broadband  performance,  covering  the  waveguide  frequency  band,  may  be  achieved  with  smooth  taper 
or  four  to  six  step  ridge  transition  designs.  For  example  vswr  < 1.3:1  up  to  50  GHz  and  < 1.5:1  up  to 

90  GHz,  with  an  insertion  loss  of  about  0.25  dB  and  0.5  dB  respectively. 

The  advantage  of  the  stepped  ridge  structure  is  the  provision  of  a more  compact  structure;  the  length  of 
the  tapered  ridge  requiring  about  three  guide  wavelengths  compared  with  about  one  guide  wavelength  for 
the  multi-step  ridge.  In  addition,  however,  the  broadband  performance  of  the  multi-step  ridge  trans- 
former is  unnecessary  for  many  practical  system  applications,  and  the  needs  of  extreme  compact  assemblies 
may  be  met  by  the  design  of  narrower  band  types  with  reduced  number  of  steps,  such  that  they  may  be  in- 
corporated in  the  box  wall  of  the  final  product.  For  example,  a single  step  transition  can  provide  a 
vswr  of  < 1.2:1  with  an  insertion  loss  of  < 0.25  dB  for  a 102  bandwidth  in  the  2b  to  40  GHz  frequency 
range,  and  can  be  accommodated  in  a box  wall  thickness  of  about  5 mm. 

4.  ACTIVE  DEVICES 

The  heart  of  the  mixer  circuit  (or  superheterodyne  receiver)  is  the  mixer  diode,  and  Schottky  barrier 

metal-semiconductor  techniques  are  commonly  used  to  produce  the  requisite  rectifying  junction.  As  the 

result  of  its  high  electron  mobility  and  associated  material  technology,  gallium  arsenide  is  generally 
accepted  as  the  best  semiconductor  material  for  application  at  millimeter  wavelengths.  Two  main  diode 
configurations  are  normally  considered;  the  so-called  multi-dot  and  the  beam  lead. 

The  multi-dot  consists  essentially  of  an  array  of  rectifying  junctions  produced  on  a semiconductor  chip, 
with  a wire  pressure  contacting  one  of  the  junctions  and  the  ohmic  contact  formed  on  the  base  or  the  side 
of  fhe  chip.  The  beam  lead  consists  essentially  of  a semiconductor  chip  with  two  co-planar  beams,  one 
con  acting  the  rectifying  junction  and  the  other  providing  the  ohmic  contact.  Although  each  structure 
has  particular  merits,  the  beam  lead  provides  a low-controlled  inductance,  and  easy  series  mounting  into 
open  microstrip  by  thermo-compression  bonding  techniques,  with  the  essential  feature  of  a very  rugged 
structure  after  incorporation  into  the  circuit. 

Gallium  arsenide  beam  lead  diodes,  originally  developed  at  the  GEC  Hirst  Research  Centre  (OXLEY,  T.H.  and 
SWALLOW,  G.H.,  1970),  are  now  available  commercially  from  AEI  Semiconductors  Ltd.,  for  operation  up  to 
about  40  GHz.  Special  low  capacitance  versions  will  also  provide  operation  up  to  100  GHz,  as  indicated 
in  Table  1.  The  small  junction  areas  of  about  3 um  dia.  can  readily  be  produced  in  beam  lead  technology 
(as  for  the  muJ*-i-dot  structure),  the  difficult  technology  in  the  beam  lead  approach  is  minimising  the 
overlay  capacitance  associated  with  the  beam  contacting  the  rectifying  junction.  This  affects  the  per- 
formance adversely  as  it  effectively  shunts  the  junction  capacitance  and  series  resistance.  The  diode 
requirements  are  thus  to  minimise  the  series  resistance,  the  junction  capacitance  and  the  stray  capacitance, 
consistent  with  a reproducible  rugged  structure. 


TABLE  1 


pical  Characteristics  of  CaAs  Schottky-barner  Bean  Lead  Diodes 


Design  Frequency 

12  to  20  GHz 

26  to  50  GHz 

60  to  90  GHz 

Contact  diameter 

8 lira 

5 lira 

3 pra 

Total  capacitance 

s 

0.  1 pF 

0.055  pF 

0.045  pF 

Junction  capacitance 

cj 

0.05  pF 

0.025  pF 

0.015  pF 

Stray  capacitance 

CS 

0.05  pF 

0.03  pF 

0.03  pF 

Series  resistance 

Rs 

4 0 

7 0 

12  G 

Series  inductance 

Ls 

0.25  nH 

0.25  nH 

0.25  nH 

Series  resonant 
frequency 

^res 

15  GHz 

38  GHz 

70  GHz 

Cut-off  frequency 

f 

CO 

'V800  GHz 

->.1000  GHz 

•V1000  GHz 

A diode  design  for  operation  above  2b  GHz  is  shown  in  figure  1.  It  can  be  seen  that  the  stray  capacitance 
resulting  from  the  overlay  area  of  junction  contacting  beam  has  been  minimised  by  setting  the  junction 
close  to  the  edge  of  the  chip  and  contacting  it  by  two  10  um  wide  fingers.  Although  these  devices  function 
well  and  provide  rugged  structures  once  the  diode  is  incorporated  in  the  circuit,  the  small  beam  to  chip 
attachment  area  can  lead  to  poor  mechanical  strength  during  handling,  particularly  in  the  case  of  diodes 
aimed  at  the  highest  frequency  operation.  Further  development,  however,  has  now  resulted  in  a mechanically 
stronger  device  with  equivalent  electrical  parameters  to  the  device  designed  for  the  2b  to  40  GHz  range 
(Table  1).  The  key  to  this  in^rovement  is  the  incorporation  of  a thick  dielectric  layer  of  glass  beneath 
the  beam,  thus  enabling  the  contact  area  to  be  increased.  This  improved  structure  is  shown  in  Figure  2. 
Briefly,  a trough  is  chemically  etched  in  the  gallium  arsenide  which  is  then  filled  with  a glass  frit; 
windows  are  defined  for  the  ohmic  and  rectifying  contacts;  the  gold  beams  are  defined  and  plated  up;  the 
devices  are  finally  separated  on  the  parent  slice  by  chemical  back  etching.  It  is  considered  that 
ultimately  this  basic  technology  could  realise  devices  for  operation  up  to  300  GHz. 


NON- RECIPROCAL  DEVICES 


Circulators  and  isolators  form  important  features  of  microwave  receivers  to  provide  high  levels  of 
isolation  together  with  maintaining  good  circuit  vswr  characteristics.  In  the  interest  of  compactness 
there  is  every  advantage  in  incorporating  these  devices  with  the  other  receiver  circuit  functions. 
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Techniques  developed  at  microwave  frequencies  (BRIGGINSHAW,  P.M.  and  RICHES,  E.E. , 1975)  in  which  a 
ferrite  disk  is  embedded  in  the  dielectric  substrate  have  been  applied  at  frequencies  up  to  40  GHz,  and 
are  considered  applicable  up  to  90  GHz.  As  already  indicated  quartz  (silica)  provides  a rigid  substrate 
which  is  drillable.  Single  crystal  z-cut  quartz  provides  a good  thermal  match  to  ferrite  and  this 
material  is  thus  preferred  to  silica.  The  diameter  of  the  ferrite  disk  is  about  2 mm  and  the  substrate 
thickness  is  about  250  um  at  about  35  GHz.  The  circuit  process  involves  high  precision  machining:  the 
appropriate  hole  is  drilled  in  the  substrate  which  is  oversize  on  thickness;  the  ferrite  disk  is  attached 
in  position  with  an  epoxy  adhesive,  and  the  substrate  is  ground  to  the  final  thickness;  the  circuit  is 
defined  on  the  substrate  by  conventional  thin  film  techniques. 

A three-port  circulator  may  be  converted  to  a two-port  non-reciprocal  isolator  by  terminating  the  third 
port  with  a matched  load,  and  this  technique  is  applied  to  form  an  isocirculator;  a matched  load  con- 
sisting of  a 50  ohm  thin  film  resistor  is  thermo-compression  bonded  across  a gap  between  the  circulator 
third  port  and  a broadband  short-circuit  termination. 

Satisfactory  non-reciprocal  characteristics  at  millimeter  wavelengths  require  a high  value  of  saturation 
magnetisation  (4  it  Ms)  for  the  ferrite  material  and  the  highest  4 i Hs  commercially  available  material  is 
used,  that  is  a nickel-zinc  ferrite  with  4 it  Ms  about  0.5  T (5000  gauss).  This  value  of  4 ir  Ms  is  a 
limiting  design  factor  for  all  millimeter  wavelength  non-reciprocal  devices;  1.0  T and  2.0  T would  be 
preferred  for  optimum  bandwidth  performance  at  40  GHz  and  75  GHz  respectively.  Due  to  its  high  energy 
product  (BHmax)  and  thus  weight  and  space  advantage,  samarium  cobalt  is  preferred  as  the  material  to 
provide  the  magnetic  field  bias. 

At  frequencies  above  about  20  GHz,  the  effective  impedance  of  the  circulator  Y junction  is  greater  than 
50  ohms  and  the  matching  transformers  take  a different  form  compared  with  the  lower  frequencies.  The 
triangular  geometry,  shown  for  the  isocirculator  in  figure  6,  illustrates  one  form  of  matching  transformer 
which  has  recently  been  developed.  This  employs  full-wave  linear  matching  tapers  : the  centre  frequency 
of  operation  is  related  to  the  diameter  of  the  junction  triangle  while  the  three  areas  of  the  triangle 
outside  the  circle  form  the  on-ferrite  part  of  the  matching/ coupling  circuit.  Isolation/return  loss  and 
insertion  loss  characteristics  of  > 20  dB  and  about  0.5  dB  respectively  are  typically  achieved  for  a 20Z 
bandwidth  at  about  35  GHz.  A broadband  isolation  characteristic  of  about  15  dB  for  an  insertion  loss  of 
about  1.5  dB  may  be  obtained  by  curving  the  triangular  geometry  to  the  edge-mode  guided  wave  contour. 

6.  BASIC  CONSTRUCTIONAL  TECHNIQUES 

Constructional  techniques  for  the  application  of  the  circuit  design  are  an  important  aspect  of  the  final 
product  for  system  use.  These  involve  the  inclusion  in  the  circuit  of  active/passive  devices  and  fitting 
the  circuit  substrate  into  a suitable  box.  The  techniques  evolved  must  be  compatible  with  long-term  high 
reliability  under  adverse  environmental  conditions. 

Many  techniques  already  established  for  MICs  at  microwave  frequencies  may  be  applied  to  millimeter-wave 
hybrid-microstrip  integrated  circuits.  For  example,  although  thertno-conpression  bonding  is  generally 
favoured,  particularly  for  bonding  connections  to  the  gold  thin  film  circuit  when  fitting  beam  lead 
diodes,  thin  film  loads,  tapes  for  transitions  etc.,  conducting  epoxy  and  solder  techniques  may  still  be 
used  in  particular  circumstances.  Non-reciprocal  devices,  as  already  mentioned  in  the  previous  section, 
are  also  based  on  lower  frequency  experience.  Incorporation  of  the  thin,  potentially  fragile  quartz  (silica) 
substrate  into  a base  may  however  necessitate  the  use  of  specialised  techniques. 

There  are  mechanical  and  electrical  disadvantages,  which  can  be  apparent  in  extreme  environments,  with 
structures  produced  by  the  more  conventional  assembly  approach  of  clasping  the  quartz  substrate  into  a 
milled  dural  box.  The  thermal  expansions  are  widely  different  and  there  is  the  possibility  of  r.f. 
leakage  under  the  ground  plane  at  high  frequencies.  The  following  constructional  methods  can  be  applied  to 
overcome  these  potential  deficiencies. 

One  method  provides  a means  of  attaching  the  substrate  to  the  base  of  the  box  by  the  use  of  a non-conductive 
adhesive  (Patent  Application,  1975).  The  evaporated  ground  plane  is  omitted  from  the  substrate  and  the 
floor  of  the  box  provides  this  requirement.  A suitable  adhesive  is  a cyanocrylate  glue.  The  relative 
permittivity  is  about  3.3  and  the  small  associated  changes  in  impedance  and  phase  velocity,  for  a thin 
layer  of  about  10  pm  thick,  can  be  conpensated  for  in  the  circuit  design,  if  found  necessary.  Temperature 
tests  show  adequate  strength  over  the  temperature  range  -100  to  +I25°C. 

A further  method  adopts  the  use  of  a controlled  conducting  epoxy  adhesive  layer  between  the  substrate 
ground  plane  and  the  floor  of  the  box.  Thermal  shock  tests  again  show  adequate  strength. 

Both  construction  approaches  allow  the  circuit  inclusion  of  active  devices  etc  by  thermo-coup  re ss ion 
bonding  techniques  after  incorporation  of  the  substrate,  and  result  in  very  rugged  assemblies  capable  of 
meeting  severe  military  type  environments.  It  has  not  been  found  necessary  to  reduce  the  thermal  mismatch 
between  the  quartz  and  the  dural  box  by  the  use  of  lower  expansion  materials,  such  as  titanium  or  nickel- 
iron  alloys,  either  as  substrate  carriers  or  as  the  box  material.  These  materials  would  in  any  case  be 
undesirable  as  the  box  material  in  the  interest  of  weight,  corrosion,  magnetic  properties  etc. 

Hermeticity  may  also  be  an  important  requirement  of  some  system  applications.  The  use  of  sealing  techniques 
already  established  for  MICs  to  provide  hermetically  sealed  units  at  the  lower  frequencies  are  in  general 
also  applicable  to  millimeter  wavelength  packages.  The  main  additional  feature  is  the  requirement  to  seal 
the  waveguide  apertures;  this  may  readily  be  accomplished  by  the  use  of  suitable  glass  windows. 

7.  MIXER  CIRCUITS 

There  are  two  main  forms  of  mixer  circuit,  the  single-ended  and  the  balanced.  The  single-ended  consists 
essentially  of  a single  diode  using  one  port  for  both  local  oscillator  and  signal  frequencies,  which  are 
combined  by  circuitry  external  to  the  mixer  : this  provides  simplicity  and  wide  r.f.  bandwidth  capability 
but  has  the  disadvantage  of  loss  of  signal  power  due  to  the  circuit  required  to  couple  in  the  local 


oscillator  powar.  Tha  balancad  mixar  normally  ronaiata  of  two  diodes  (affectively  two  single-ended  mixers), 
fed  by  a four  port  3 dH  coupler  t this  provides  the  charaeteriat ice  of  cancellation  of  a.m.  noise  generated 
by  tha  local  oscillator,  isolation  of  the  local  oscillator  from  the  antenna  and  the  poaaibility  of  lower 
local  oacillator  powar  requirement,  but  the  overall  performance  does  depend  on  the  characteristics  of  the 
coupler  «s  well  ss  the  mixer  diodes. 

The  bslsncsd  mixer  is  the  more  Acceptable  version  end  exhibits  the  greeter  application  versatility. 
Integration  of  the  coupler  end  diode  circuits  is  obviously  desirable  to  provide  the  mixer  circuit  in  com- 
pact form,  and,  as  at  microwave  f requencies,  the  hybrid-microstrip  design  approach  provides  the  versatility 
for  this  aim.  Both  the  'branch  arm'  and  the  'rat^  race*  coupler  configuration  are  applicable  to  millimeter- 
wave  design  : the  'branch  arm'  is  basically  a 90°  coupler  compared  with  180°  for  the  'rat  race',  but  it  can 
be  converted  to  180°  by  the  addition  of  a 1/4  length  of  line  on  one  of  the  two  output  arms.  The  'branch 
arm',  although  slightly  inferior  to  the  'rat  race'  on  bandwidth  performance,  has  a circuit  layout  advantage 
as  the  two  coupled  arms,  being  adjacent,  provide  a common  i.f.  output  in  the  plane  of  the  circuit. 

These  design  approaches  have  been  applied  to  millimeter-wave  balanced  mixers  covering  the  frequency  range 
of  26  to  90  GHz,  and  commercial  products  are  available  from  AK1  Semi  conductor s Ltd  in  the  frequency  range 
26  to  40  GHz.  in  general  the  circuits  are  produced  on  2S0  urn  thick  substrates  using  the  GaAs  beam  lead 
diodes  of  Table  I.  Typically  these  provide  a S.S.b.  (image  matched)  overall  noise  figure  performance  of 
about  8.0  dB  including  an  i.f,  contribution  of  1.5  dH,  for  an  r.f.  bandwidth  of  about  10X, 

A balanced  mixer  designed  for  a frequency  of  about  75  GH*  is  shown  in  figure  3.  The  overall  size  is  about 
48  x 48  x 20  nsn  including  the  waveguide  flanges;  the  r.f.  ports  are  in  WG26;  the  i.f.  output  is  designed 
for  the  range  I to  1.5  GHz  and  is  via  a 1 non  SMA  connector;  two  solder  pins  are  provided  for  the 
application  of  d.c.  bias  and  to  monitor  the  diode  rectified  current.  The  circuit  is  produced  on  a 125  pm 
thick,  10  x 10  mm,  quartz  substrate,  and  consists  of  a 1 dB  coupler  in  branch  arm  180^  form.  The  mixer 
diodes  are  GaAs  beam  lead  devices  indicated  in  Table  I.  Appropriate  isolating  capacitors  and  chokes  for 
the  1 to  1.5  GHx  r.f.  are  incorporated  in  the  unit.  The  construction  techniques  employ  the  non-conduct ive 
adhesive  method;  broadband  transitions  are  employed. 

The  typical  performance  characterist ice  are  summarised  in  Table  2. 

TABLE  2 


Typical  Performance  Characteristics  of  75  GHx  Balanced  Mixer 


Frequency  range 

Conversion  loss 

Input  vswr 

I.F.  range 

I.F.  impedance 

Isolation  (l.o.  to  signal) 

L.0.  power  (0.5  v fwd  d.c.  bias) 


65  to  85  GHz 
8.5  dB 
2.0t  I 

I to  1.5  GHx 
50  ohms 
20  dB 
10  mW 


The  conversion  loss  is  obtained  from  direct  power  measurement  at  the  r.f.  and  i.f.  terminals,  thus  the 
S.S.B.  (image  matched)  overall  noise  figure  performance  including  a 1.5  dB  i.f.  contribution  may  be  expected 
to  be  about  10  dB.  Actual  measurement  using  the  hot  and  cold  load  technique,  has  indicated  a S.S.B.  noise 
figure  of  about  12  dB  including  a 1,25  GHz  i.f.  anplifiet  with  a 3 dB  contribution. 

The  storage  and  potential  operating  temperatures  are  rated  as  at  least  -55° C to  ♦85°C.  However,  the  wave- 
guide apertures  are  not  sealed  so  the  low  operating  temperature  is  restricted  to  0°C  unless  precautions  are 
taken  to  avoid  condensation  forming  on  the  surface  of  the  substrate. 


8.  INTEGRATED  RECEIVERS 


The  design  aim  to  derive  the  benefits  of  integration  is  to  incorporate  as  many  circuit  functions  as  is 
feasible  in  as  small  a volume  as  possible.  The  concept  is  illustrated  by  figure  3,  which  clearly  shows 
that  the  limiting  size  factor  for  the  mi  1 1 imeter-WAve  single  circuit  function  unit  can  be  the  package,  and 
thus  the  greater  the  number  of  circuits  which  can  be  provided  in  a single  package,  the  greater  the  volume, 
weight  and  reliability  advantages, 

MIC  techniques  can  be  adopted  at  millimeter  wavelengths  to  combine  several  circuit  functions  in  a single 
package  by  the  use  of  separate  substrates,  either  butt  joined  or  screened  by  inclusion  in  separate  box 
compartments.  Experience  at  the  lower  frequencies  however  has  shown  that  such  techniques  are  not  in  the 
best  interest  of  compactness  or  reliability,  and  there  is  every  advantage  in  producing  as  many  circuit 
functions  as  possible  on  a single  substrate  (LANCASTER,  M.  and  OXLEY,  T.H.,  1975).  This  is  the  aim  which 
has  also  been  adopted  for  hybrid-mi croat rip  integration  techniques  at  millimeter  wavelengths. 

An  additional  consideration,  which  must  not  be  overlooked  for  an  overall  integrated  receiver  package  is 
that  of  the  associated  low  frequency  circuits,  such  as  the  i.f.  amplifier,  monitors  etc.  There  are  for 
instance  several  benefits  derived  from  incorporating  the  first  stages  of  i.f.  amplification  arising  from 
the  electrical  interfacing  between  the  mixer  and  the  i.f.  amplifier  and  the  elimination  of  connectors.  Thus 
the  realisation  of  compact,  high  reliability  i.f.  amplifiers  can  also  form  an  important  feature  of  the 
overall  receiver  package,  and  thick  film  circuit  techniques  in  place  of  conventional  p.c.b.'a  can  play  an 
inportant  role  in  this  concept  for  the  MHz  range  intermediate  frequency. 

Figure  4 shows  the  next  stage  of  r.f.  integration  from  the  single  circuit  functions.  Two  balanced  mixers 
are  combined  with  signals  fed  in  phase  and  l.o.  power  in  quadrature  to  provide  image  suppression  characteris- 
tics at  about  35  GHz,  The  quartz  substrate  is  250  pm  thick  and  25  mm  square.  The  output  from  the  two  mixers 
is  90°  out  of  phase  and  thus  a further  90°  phase  shift  is  required  at  i.f..  The  thick  film  i.f.  stages  are 
shown  in  figure  5,  To  minimise  noise  figure,  the  90°  i.f.  phase  shift  is  provided  after  amplification  and 
two  balanced  head  amplifiers  (one  following  each  mixer)  are  incorporated,  with  the  output  combined  by  the 


1 dH  hybrid.  The  i.f.  hi  Ages  provide  a good  example  of  the  high  packaging  density  achieved  by  thick  film 
techniques . 

The  overall  sire  of  the  particular  package  shown  is  about  70  * 40  * 20  n*n,  but  the  unit  does  not  include 
all  the  design  features  discussed  to  minimise  the  volume.  An  overall  noise  figure  ot  about  *J.O  dB  and 
image  suppressions  > 20  dB  is  obtained  for  an  8X  bandwidth  centred  at  about  15  CMs. 

The  more  complex  receiver  could  include  non-reciprocal  circuits.  An  example  of  the  single  substrate 
technology  is  illustrated  in  figure  b.  The  size  of  the  250  urn  thick  z-cut  single  crystal  quartz  substrate 
is  about  15  * 20  mm.  This  type  of  circuit  may  be  fabricated  and  packaged  by  the  techniques  already 
discussed,  to  form  compact,  rugged,  lightweight,  high  reliability,  hermetically  sealed  structures,  suitable 
for  a wide  range  of  applications  and  environments.  The  technology  can  provide  a receiver  S.S.B.  noise 
figure  performance  of  about  8.0  dB  at  about  35  GHz,  with  a degradation  of  less  than  1.0  dB  at  high 
elevated  t enpe ratures . 

d.  CONCLUSIONS 


The  application  of  hybrid-open  microstrip  MIC  techniques  to  millimeter  wavelengths  can  provide  compact , 
rugged  and  high  reliability  circuit  structures  for  receiver  applications  up  to  at  least  d0  GHz. 

Mixer  circuits  ot  this  type  can  either  provide  individual  components  with  competitive  performance  to  more 
conventional  waveguide  techniques,  but  with  the  advantage  of  the  MIC  compact -rugged  structure  or  they  can 
form  the  basis  for  further  integration. 

Complex  receivers  may  be  produced  which  derive  the  full  benefit  of  integration  by  combining  several  circuit 
functions,  including  non-reciprocal  devices,  on  a single  substrate.  Such  receivers  may  be  packaged  to 
meet  military  type  environments. 
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Figure  I.  Earlier  beam  lead  diode  configuration 


Figure  2.  Improved  structure  beam  lead  diode 


Figure  4.  35  GHz  image  suppression  mixer  microstrip  circuit 
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J R.Mahieu.  France 

( I ) What  is  the  highest  frequency  you  made  circulator? 

(?)  What  are  the  insertion  losses  of  your  40  CJIIz  circulator  ’ 

(.1)  Can  you  make  some  comments  about  the  IK'  field  magnetic  circuitry  for  the  circulator’  ( Pie  IX'  field  hem* 
large  and  junction  small  ) 

Author's  Reply 

1 1 ) 40  (illi,  although  this  is  not  considered  to  be  the  frequency  limit. 

(?)  0.5  dH  tor  (he  substrate  circuit. 

( P the  circulators  an-  magnetically  biased  by  open-circuit  Samarium  Cobalt  magnet  positioned  beneath  the 
substrate. 


Comment  by  H. ('.  Oilman.  USA 

It  has  been  our  observation  that  coupling  between  lines  on  a microstrip  circuit  are  no  problem  as  long  as  the  lines 
are  not  parallel  tor  appreciable  lengths.  If  the  lines  are  curving  there  is  no  appreciable  coupling  between  lines. 


W.Hauth,  FRCi 

Did  you  measure  the  coupling  between  adjacent  lines? 

(Lines  are  close  to  each  other  due  to  the  high  degree  of  integration.) 

Author's  Reply 

About  50  dll  isolation  between  circuit  functions  is  generally  experienced.  Coupling  is  not  considered  to  be  a 
problem  w hen  the  line-gaps  are  in  excess  of  a line  w idth. 


( oinment  trom  another  listener  (from  Hughes  Company):  coupling  is  only  significant  between  ci 


curved  lines. 
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ABSTRACT 

This  paper  describes  a number  of  quasi-planar  techniques  for  millimeter-wave  integrated  circuits  which 
become  increasingly  more  attractive  at  higher  frequencies.  Many  of  these  techniques  resemble  those  used 
in  optical  integrated  circuits.  Operating  principles  of  the  quasi-planar  waveguides  employed  in  the 
present  techniques  are  first  described.  Some  passive  components  made  of  these  waveguides  are  then  pre- 
sented, Current  efforts  toward  developing  novel  active  components  and  associated  problems  are  discussed, 

1 • INTRODUCTION 

This  paper  describes  a now  approach  to  ml 1 l imeter-wave  integrated  circuits.  The  first  halt  reviews  some 
works  reported  previously  and  the  latter  half  discusses  current  development  and  some  problems  associated 
with  the  technique. 

There  are  two  types  of  approaches  in  mi 1 1 imeter-wave  integrated  circuits.  (Hie  of  them  is  based  on  so- 
called  printed-line  structures  such  as  microstrips,  suspended  strlpllnes  and  f in-1 ines. ^ • * 1 • **  Thev  are 
essentially  extensions  of  well-established  microwave  Integrated  circuit  (MIC)  technology.  Anothei  type 
is,  in  principle,  a ml l l Imeter-wave  replica  of  optical  integrated  circuits.  The  basic  building  block  of 
this  tvpe  is  a dielectric  waveguide.  A number  of  components  and  subsystems  have  been  developed  by  several 
workers.  7*v4»i0  In  these  works,  however,  thev  used  either  rectangular  dielectric  waveguide,  image  guide  or 
their  variants  (see  Fig.  1).  Uni  Ik**  in  Integrated  optics  where  the  dielectric  constants  In  the  waveguide 
and  the  surrounding  media  are  only  slightly  different,  high  permittivity  materials  are  used  in  millimeter- 
wave  schemes. 

The  quasi-planar  waveguides  described  in  this  paper,  although  belonging  to  the  second  tvpe,  differ  both  In 
structures  and  operating  principle  from  conventional  rectangular  and  image  guides,  ihn»  of  these  quasi- 
planar  waveguides,  called  the  inverted  strip  (IS>  dielectric  waveguide,  consists  of  dielectric  strip(s) 
sandwiched  between  a ground  plane  and  a guiding  dielectric  layer.  Since  the  layered  medium  Iuas  a di- 
electric constant  larger  than  that  of  the  strip  medium,  most  of  the  energy  propagates  in  that  portion  of 
the  layer  immediately  above  the  strip.  Hence,  the  conductor  loss  is  minimized  and  vet  the  ground  plane 
can  he  conveniently  used,  when  necessary,  as  a heat  sink  and  dc  bias  return  of  solid-state  devices  im- 
plemented in  the  1C.  A typical  IS  waveguide  made  for  80-90  GHz  operation  Is  shown  in  Fig.  2.  The  guiding 
layer  Is  a fused  silica  with  dielectric  constant  1.7S  and  the  strip  Is  made  of  teflon  whose  dielectric 
constant  is  2.1.  A number  of  advantages  and  characteristics  have  been  reported  on  the  IS  guide.*  Two  of 
them  are  noted  here,  low  radiation  loss  and  ease  of  adjustment.  Thev  are  nuiinlv  caused  bv  the  quasi- 
planar  structure  of  the  waveguide.  As  the  mo)or  portion  of  the  energy  propagates  in  the  layered  region, 
the  wall  irregularity  of  the  strip  causes  less  radiation  loss  than  that  in  convent iona l dielectric  wave- 
guide with  a similar  dielectric  constant.  However,  radiation  at  the  bend  in  the  IS  guide  is  stronger 
than  in  the  conventional  guide  because  the  field  Is  "weakly”  guided,  unless  some  special  provision  is 
made , 

In  prototype  component  development,  the  IS  guide  is  attractive  because  adjustment  of,  say,  coupling  be- 
tween guides  or  a guide  and  a device  can  be  done  bv  changing  the  location  of  the  strip.  At  higher  fre- 
quencies, such  as  at  subml l l Imoter  spectrum,  the  quasi-planar  nature  of  the  IS  guide  mav  reduce  the 
fabrication  cost  it  an  appropriate  planar  technology  Is  adapted.  Conventional  mechanical  process  mav  no 
longer  be  available  or  mav  be  prohibitively  expensive  at  such  f requeue les. 

In  what  follows,  we  first  briefly  review  the  operating  principle  of  the  IS  guide  followed  bv  description 
of  some  passive  components.  More  recent  development  and  proposed  novel  devices  will  then  be  discussed, 
and  some  problems  to  be  attacked  summarized. 

2.  CUl PHD  WAVES  IN  THh  INVERTED  STRIP  DIELECTRIC  WAVF.CUIDF. 

Since  the  detailed  analysis  of  the  IS  guide  has  been  reported  previously,*  onlv  the  kev  steps  accessary 
for  understanding  will  be  listed.  Figure  1(a)  shows  the  cross  section  of  the  coupled  IS  waveguide.  When 
the  separation  of  two  strips  becomes  infinite,  we  can  recover  the  uncoupled  (isolated)  IS  guide.  Although 
an  exact  analysis  of  the  present  structure  is  extremely  difficult,  verv  accurate  solutions  have  been 
obtained  by  the  use  of  the  effective  dielectric  constant  (FIX')  method.  This  method  is  the  first  step  of 
transverse  resonance  approach1*  which  Is  exact  when  carried  out  correctly. 

To  this  end,  we  subdivide  the  cross  section  in  Fig.  Ha)  into  five  regions.  The  FIX'  of  regions  1,  III 
and  V and  that  of  regions  II  and  IV  mav  ho  obtained  from  the  surface  wave  solutions  of  Figs.  1(b)  and  (c), 
respectively.  For  instance,  the  FPl'  of  regions  II  and  IV  mav  be  obtained  in  the  following  manner.  As- 
suming the  sinusoidal  field  variation  in  the  laver  with  highest  dielectric  constant  and  decaying  field 
expressions  outside  this  laver,  we  can  derive  the  field  distributions  from 
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When  all  the  boundary  conditions  at  dielectric  interfaces  are  imposed,  we  obtain  an  eigenvalue  equation 
for  ky.  Now,  the  HOC  of  this  structure  is  defined  bv 
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The  corresponding  quantity  tol  for  regions  l.  111  and  V may  be  similarly  derived. 

Now  the  original  structure  in  Fig.  3(a)  is  modeled  bv  the  one  in  Fig.  1(d).  Once  again  an  eigenvalue 
equation  for  this  hvpothetlcal  structure  is  derived.  When  such  is  solved  for  the  field  variable  kx  in 
the  x direction,  we  obtain  the  propagation  constant  of  the  IS  waveguide 
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The  accuracy  ot  the  KIK  method  has  been  checked  bv  comparing  the  computed  and  measured  field  distributions 
Typical  field  distributions  <n  the  transverse  directions  are  plotted  in  Fig.  •«.  lhe  measurement  was  done 
at  81.7  GHz  and  the  agreement  with  theoretical  prediction  is  seen  to  be  quite  good.  Dispersion  character- 
istics for  the  two  lowest  order  modes  are  provided  in  Fig.  S for  an  IS  guide  with  typical  dimensions. 

The  curves  for  uncoupled  guide  have  been  computed  bv  letting  the  separation  s be  infinity.  These  disper- 
sion curves  will  be  the  basis  for  designing  a number  of  passive  and  active  components,  some  of  which  will 
be  described  in  the  following  sections. 


3.  PASS1VK  COMPONENTS 

3*1  Directional  Couplers 


Mom  the  knowledge  of  field  distributions  and  propagation  constants  in  the  IS  guide,  a number  ot  passive 
components  can  be  developed.  Kxaraples  are  3 dB  directional  couplers  and  20  dH  cross  couplers.11*  Fig.  b 
shows  a typical  3 dH  coupler  designed  for  75-80  GHz  operation.  Fig.  7 shows  computed  and  measured  results 
tor  the  coupler.  In  the  so-called  coupling  section  with  length  t as  shown  in  the  inset  of  Fig.  7,  the 
even  and  odd  modes  interact  with  each  other.  Hence,  this  type  of  coupler  is  often  called  distributed 
coupling  type.  The  analysis  and  design  can  be  done  based  on  the  coupled  mode  analysis  as  long  as  the 
coupling  per  unit  length  is  not  too  strong.  From  this  analysis,  the  rat io  of  the  power  outputs  at  termi- 
nals 2 and  3 becomes 
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when  all  the  terminals  l through  4 are  terminated  with  loads  with  negligible  reflections.  The  quantity  l 
in  15)  is  called  the  tof'al  coupling  length  and  is  the  length  needed  to  completely  transfer  energy  in- 
cident at  terminal  l to  terminal  3.  L is  given  bv 


l.  • 


ib) 


where  Bt,  and  80  are  propagation  constants  of  even  and  odd  modes  such  as  those  presented  in  Fig.  s.  The 
foregoing  analysis  is  valid  only  if  no  coupling  exists  between  four  connect  tug  guides.  However,  in 
practice  this  coupling  mav  not  be  trivial  and  hence  must  be  included  in  a more  accurate  analysis.  This 
effect  can  be  Incorporated  if  we  replace  < in  (S)  with  an  effective  length  < defined  bv 
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where  the  Integration  is  carried  out  along  the  axial  (z)  direction  of  the  directional  coupler.  zQ  corre- 
sponds to  the  junction  between  the  coupler  and  the  connection  arm,  whereas  z*  is  chosen  to  be  some  value 
of  z beyond  which  the  coupling  between  arms  is  negligible.  The  factor  of  2 occurs  because  of  the  symmetry 
of  the  coupler.  As  shown  in  Fig.  7,  agreement  between  computed  and  measured  data  is  better  if  the  effec- 
tive length  4 is  used  in  computation. 

3.2  Integrated  Scannable  Planar  Antennas 

In  many  millimeter-wave  systems,  antennas  and  RF  front  ends  are  designed  separately  and  the  overall  per- 
formance is  considered  only  in  the  system  design  phase.  However,  as  the  operating  frequency  gets  higher, 
such  a "luxury"  may  not  be  allowed  and  more  efficient  antennas  need  to  be  integrated  in  the  close  vicinity 
of  the  RF  front  end.  In  the  printed-type  millimeter-wave  IC*s,  the  logical  choice  may  be  microstrip 
antennas  for  such  purposes.  However,  microstrip  antennas  are  usually  of  low  gain,  unstable  and  narrow- 
banded.  A leaky-wave  antenna  described  in  this  section,  on  the  othei  hand,  is  quite  attractive  to  inte- 
grate with  RF  front  ends  of  the  quasi-planar  dielectric  IC's.  In  addition  to  being  of  high  gain,  the 
antenna  presented  below  has  a scannable  radiation  characteristic. 

Fig.  8 shows  the  side  and  top  views  of  the  leaky-wave  antenna  made  in  the  IS  waveguide.  This  structure  is 
essentially  a millimeter-wave  replica  of  the  grating  beam  coupler  used  in  optical  integrated  circuits.  In 
the  dielectric  strip,  periodical  grooves  are  created  which  modulate  the  propagation  characteristics  of  the 
IS  guide  periodically,  resulting  in  a grating  mechanism.  It  is  well-known  that  the  field  associated  with 
a grating  in  a dielectric  waveguide  can  be  expressed  in  terms  of  infinitely  many  space  harmonics.  The 
propagation  constant  of  the  p-th  space  harmonic  is  given  by 
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where  80  is  closely  related  to  the  propagation  constant  of  the  IS  waveguide  without  perturbation  (gratings), 
and  4 is  the  grating  period.  If  the  propagation  constant  of  one  of  space  harmonics  is  in  the  radiation 
region,  viz. 


|Bp/ko|  < 1 (10) 

then  the  grating  section  supports  a leaky-wave  and  all  8p  become  complex.  Their  imaginary  parts  account 
for  the  energy  loss  due  to  leakage  (radiation)  as  the  wave  propagates  along  the  grating  section.  Now  the 
grating  section  becomes  a leaky-wave  antenna.  The  direction  of  main  beam  measured  from  the  broadside 
(normal  to  the  IS  guide  surface)  is  given  by10 

6 =■  sin” 1 1 ReB  /k  ] (11) 

P p o 

One  way  to  scan  the  beam  is  to  change  the  operating  frequency.  This  is  because  Bp  is  a function  of  fre- 
quency. This  frequency  scanning  is  demonstrated  in  Fig.  9 which  shows  both  measured  and  computed  radia- 
tion patterns  from  the  grating  leaky-wave  antenna  at  13  and  17  GHz. 3 The  main  beam  is  steered  from  -27° 
to  -10°. 

This  antenna  may  be  useful  for  airborne  application  because  it  is  conformable  and  no  metal  part  is  exposed 
to  external  environment. 

It  is  often  required  to  scan  the  beam  without  changing  the  operating  frequency.  Such  requirement  can  be 
satisfied  if  an  electronic  phase  shifter  is  directly  incorporated  in  the  grating  section  of  the  IS  guide. 
Such  a device  changes  the  dielectric  constant  of  the  medium,  thus  causing  the  propagation  constant  Bp  to 
shift.  Accordingly,  the  beam  direction  0p  is  altered. 

A study  has  been  made  which  simulates  such  a phase  shift  mechanism  by  means  of  a small  mechanical  motion.*4 
An  additional  layer  with  thickness  t and  dielectric  constant  £4  is  placed  on  top  of  the  guiding  layer  (C2) 
in  Fig.  8.  This  layer  is  maintained  parallel  to  the  surface  of  the  guiding  layer  and  separated  by  air  gap 

6. 

Depending  on  the  value  of  the  air  gap  6,  the  field  distribution  in  the  IS  guide  changes  and  hence  the 
propagation  constant  Bp  in  the  grating  section  also  changes,  causing  the  beam  direction  6p  to  change. 
Therefore,  the  change  In  6 is  equivalent  to  varying  the  dielectric  constant  in  the  IS  guide.  Fig.  10 
shows  the  main  beam  direction  versus  the  gap  size  6.  It  is  seen  that  a considerable  amount  of  scanning  is 
possible  by  modest  change  in  6.  This  study  is  useful  in  its  own  right  as  a mechanism  to  adjust  the  beam 
direction  or  even  to  scan  the  beam  if  the  speed  is  not  of  primary  concern.  However,  more  importantly,  the 
findings  obtained  in  the  simulation  study  can  be  used  to  estimate  how  much  change  in  dielectric  constant 
is  needed  for  a given  amount  of  scan  angle.  Thereby,  the  requirement  to  the  electronic  phase  shifter  is 
established.  Before  concluding  this  section,  it  is  noted  that  the  experiments  have  been  done  in  the  Ku- 
band,  mainly  due  to  availability  of  the  measurement  equipments. 

3.3  Band-Reject  and  Bandpass  Filters 

Another  application  of  grating  structures  is  the  band-reject  filter.  It  is  well-known  when  the  grating 
period  4 in  Fig.  8 is  made  sufficiently  small  so  that  none  of  space  harmonics  is  in  the  radiation  region, 
the  grating  section  of  the  IS  guide  suyports  only  the  surface  waves.1  Under  such  circumstances,  wave  in- 
teraction in  the  grating  section  creates  a stopband  at  frequencies  for  which 
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hold*.  The  center  frequency,  band  width  .»«ui  ^ of  the  stopband  depend  on  the  grating  profile,  and  mav  be 
calculated  bv  lining  a coupled  nx»de  anal  vs  In.  A tvp  ical  swept  frequency  response  from  such  a grating 
sect  ion  ts  shown  in  Klg.  11.  A st  rong  reflection  at  the  stopband  around  1S.S  CM*  Is  clearlv  seen.1 * *' 

When  an  electronic  phase  shifter  or  Its  mo chan l cal  simulation  bv  means  of  an  additional  dielectric  l aver 
is  incorporated  as  In  1.2,  the  center  frequency  of  the  band-reject  filter  mav  be  altered.  Also,  a band- 
pass tiltei  mav  be  fabricated  bv  combining  a V-dB  hybrid  reported  In  l. 1 with  two  grating  band-reject 
filters. 

The  stopband  phenomenon  is  often  referred  to  as  the  Bragg  scattering  in  optics.  In  optical  integrated 
circuit,  such  phenomena  are  used  tor  realising  distributed  feedback  iDPHl  and  distributed  Bragg  reflector 
U'BK)  lasers.  In  the  next  section,  we  will  propose  a novel  active  component  resembling  a DBK  laser  and 
some  Initial  Invest igat Ion  will  be  reported. 

4 . At rr  i v f jxjuments 

In  conventional  dielectric  waveguide  technique,  an  oscillator  is  created  bv  either  a t.unn  or  IMVATT  diode 
mounted  in  a dielectric  cuvltv.  The  l. liter  ts  usually  a finite  sect  Ion  of  the  rectangular  or  Image 
guide. ‘s  The  end  surfaces  of  the  cavltv  provide  reflection  which  leads  to  an  oscillation.  Since  such 
reflection  Is  of  Fresnel  type.  It  Is  desirable  that  the  dielectric  constant  of  the  cavltv  is  high.  In  the 

present  IS  wavegu  i «.!«* , the  dielectric  constants  involved  are  relatively  small,  and  the  finite  sect  ion  of 

the  IS  guide  Is  not  appropriate  as  a cavltv  because  the  end  reflection  Is  rather  small. 

In  the  previous  section,  however , we  established  that  a grating  section  provide?,  a strong  reflection  at 

frequencies  In  the  stopband.  This  suggests  that  such  a grating  mav  be  used  as  a ! requencv-se lect i ve  re- 
flector. Hence,  when  two  grating  sect  Ions  are  created  in  the  IS  guide  with  some  distance  apatt  and  a 
diode  Is  placed  at  the  center,  an  oscillator  mav  he  realised.  As  this  ts  a millimeter-wave  counterpart  of 
the  DBK  laser,  it  mav  be  called  l»HK  solid-state  oscillator.  The  major  difference  between  the  DBK  oscilla- 
tor in  millimeter-waves  and  DBK  laser  Is  that  the  gain  is  provided  bv  a discrete  devl  e in  the  former 
whereas  it  is  given  bv  a distributed  active  region. 

This  oscillator  mav  potentially  be  useful  tor  increasing  the  output  power  bv  multiple  diode  implement  at  ion 
without  degrading  the  coherence.  When  a number  of  diodes  are  Implemented  in  a convent  tonal  cavltv  in 
order  to  Increase  the  output  power,  the  separation  ot  diodes  cannot  be  made  too  small  due  to  heat  con- 
sideration. Then  the  cavltv  becomes  longer,  and  the  oscillator  mav  oscillate  at  more  than  one  longitu- 
dinal mode.  In  the  cavltv  with  grating  reflectors,  it  Is  possible  to  obtain  a single  mode  oscillation  in 
which  on l v one  longitudinal  mode  is  selected  bv  designing  the  center  frequency  of  the  stopband  of  the 
gratings  to  coincide  with  this  mode,  and  making  of  the  resonator  at  all  other  modes  sufficient lv  low. 

To  date,  development  ot  the  proposed  DBR  C.unn  or  l Ml' ATT  oscillator  was  not  successful.  Sens'  initial  in- 
vest i gat  ions , however,  have  been  done  bv  fabricating  an  oscillator  made  of  an  image  guide  on  which  grating 
reflectors  iDBR'sl  are  created.  Figure  12  shows  such  an  oscl  llator. b A t.'uitn  diode  is  implemented  in  the 
cylindrical  hole  and  grating  reflectors  are  created  on  both  sides  of  the  diode.  The  tapers  at  both  ends 
of  the  cavltv  prevent  unwanted  reflection  there.  Some  results  on  oscillation  charact erlst tes  are  shown 
In  Fig,  11.  Relatively  stable  oscillation  frequencies  have  been  reported.1' 

The  reason  whv  we  were  unable  to  develop  a DBK  oscillator  in  the  IS  guide  mav  be  conjectured  that  the  dtod 
cannot  couple  the  RF  energv  Into  the  IS  guide  efficiently.  The  diode  could  emit  the  radiation  in  all 
directions  and  since  the  IS  guide  is  a veaklv  guiding  structure,  most  of  the  energv  Is  radiated.  The  IS 
guide  can  guide  the  KK  energy  well  If  if  is  injected  along  the  guide  axis.  On  the  other  hand,  the  image 
guide  uses  a high  permittivity  material  and  hence  a large  portion  ol  the  energv  emitted  bv  the  diode  mav 
he  captured  Inside  the  guide. 

Recent l v,  new  propagat ion  phenomena  In  the  IS  guide  have  been  Investigated.'*  It  is  reported  that  the  IS 
guide  can  sometimes  support  leukv-waves  that  radiate  energv  in  the  sideward  direction.  It  this  situation 
is  encountered,  the  structure  becomes  quite  lossv  and  no  oscillator  can  be  created. 

One  approach.  It  possible  at  all,  to  create  DBR  oscillator  in  the  IS  guide  mav  be  the  use  of  continuous 
gain  medium  similar  to  the  one  in  tin*  optical  laser.  It  was  reported  that  such  a gain  medium  tends  to 
Increase  the  guiding  abititv  of  the  waveguide.  ‘ However,  realisation  of  such  dec  loo  requires  effort  in 
solid-state  materials  and  devices  at  millimeter-wave  frequencies. 

5.  CONCUSSIONS 

In  this  paper,  we  first  reviewed  a novel  qtias  l-pl  .mar  waveguide  structure  for  millimeter-wave  Integrated 
circuits.  Several  passive  component s developed  to  date  are  described.  An  effort  toward  developing  solid- 
state  active  components  is  presented  and  a number  of  problems  to  be  solved  are  discussed. 
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Fig.  I Some  waveguides  for  millimeter-wave  integrated  circuits:  (a)  Microstrip  line;  (b)  Image  guide; 
(c)  Rectangular  dielectric  waveguide. 
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Fig.  3 Analysis  procedure  of  inverted  strip  dielectric  waveguide:  (a)  Cross  section  of  a coupled  TS 
guide;  (b)  Structure  for  deriving  the  effective  dielectric  constant  for  the  single  layered 
region;  (c)  Structure  for  deriving  the  effective  dielectric  constant  for  the  double  layered 
region;  (d)  Hypothetical  structure  for  computing  the  propagation  constant. 
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FEASIBILITY  STUDIES  OF  INSULAR  GUIDE  H1LL1ECTRK  WAVE 


INTEGRATED  CIRCUITS 


M J Ay  l ward  and  N Williams 
RP  Technology  Centre,  KKA  Ltd. 
Leatherhead,  Surrey,  England 


The  paper  considers  the  realisation  of  millimetre  wave  integrated  circuits  using  a dielectric  waveguide 
technology.  The  characteristics  of  image  line  and  related  structures  are  described  and  their 
applicability  to  integrated  circuits  discussed.  The  structure  chosen  for  these  studies,  insular  guide, 
is  a variant  of  image  line  and  allows  a relaxation  in  tolerances  so  that  convent ional  laboratory 
fabrication  techniques  can  be  employed.  The  design  of  a range  of  components  is  reviewed  and  the 
development  of  a prototype  integrated  circuit,  aimed  at  fully  establishing  the  feasibility  of  the 
approach,  is  described. 


INTRODUCTION 


The  congestion  of  lower  frequency  bands  and  the  demands  for  ever  increasing  baiulwidths  are  fo. cing  the 
system  designer  to  consider  utilising  millimetre  waves  for  applications  which  are  particularly  suited 
to  their  peculiar  properties.  The  advantages  of  millimetre  waves  are  veil  known  (GIBBS,  1977)  and 
include  improved  angular  resolution,  resistance  to  jamming  and  covertness  of  operation  at  frequencies 
within  the  atmospheric  absorption  bands.  In  addition,  their  penetration  in  adverse  weather  conditions 
is  better  than  that  in  the  IR  and  visible  portions  of  the  spectrum  and  they  are  thus  being  examined  for 
systems  operating  at  these  higher  frequencies.  The  viability  of  many  of  these  systems  relies  heavily 
upon  achieving  the  reduced  weight  and  lower  costs  afforded  by  integrated  circuit  techniques.  It  is 
unlikely,  however,  that  scaling  microwave  circuits  in  microstrip  will  provide  a cost  effective  solution: 
it  is  difficult  to  achieve  the  necessary  print  definition  and,  with  the  problems  of  spurious  modes, 
accurately  machined  boxes  are  needed  for  repeatable  results.  A further  disadvantage  of  the  medium  is 
the  high  transmission  losses  which  tend  to  preclude  its  use  in  large  scale  circuits  at  frequencies 
above  40GHz . 


Against  this  background,  alternative  transmission  line  technologies , including  dielectric  image  line, 
which  offer  the  potential  of  lower  losses,  relaxed  tolerances  and  reduced  unit  costs  are  under  investigation. 
They  are,  however,  insufficiently  developed  for  immediate  exploitation  and  the  literature  has  concentrated 
mainly  on  establishing  theoretical  models  and  investigating  some  individual  components.  This  paper 
describes  some  results  obtained  during  a research  programme  aimed  at  developing  a complete  range  of 
practical  components  in  a variant  of  image  line,  termed  insular  guide,  and  establishing  the  feasibility 
of  integrating  these  into  complete  circuits. 


DIEIJCCTRIC  IMAGE  LINK  AND  ITS  VARIANTS 


The  cross  section  of  image  line  is  shown  in  Figure  1.  The  structure  supports  hybrid  modes  with  trans- 


verse field  distributions  which  are  of  a standing  wave  type  within  the  line  and  decaying  exponentially 
outside.  The  distribution  of  the  dominant  mode,  designated  the  K^,  is  shown  in  Figure  1.  The 


propagation  constant  is  computed  using  an  approximate  analysis  which  makes  use  of  the  concept  of 
effective  dielectric  constants  and  a partial  solution  of  the  boundary  value  problem  (MAKCAT1L1,  1961 , 
KNOX  and  T01TLI0S,  1*170).  The  predictions  have  been  found  adequate  for  the  design  of  most  components 
and  can  be  employed  in  efficient  computer  models  for  parameter  optimisations.  The  dispersion  charac- 
teristics of  the  lower  order  modes  are  shown  in  Figure  2.  As  the  frequency  is  raised  from  cut -on,  the 
dispersion  increases  until  it  approaches  the  bulk  medium  value,  when  the  energy  is  almost  totally 


contained  within  the  line.  The  bandwidth  is,  however,  limited  at  high  frequencies  by  the  onset  of  the 
asymmetric  mode  which  may  be  excited  in  curved  sections  of  the  line. 


Of  particular  interest  for  integrated  circuit  applications  is  the  guidability  in  curved  sections  of  line 
and  it  is  obviously  important  to  ensure  that  radiation  losses  are  kept  to  a minimum.  The  radiation 
losses  in  curved  lines  have  been  estimated  using  a perturbation  analysis.  Some  sample  results  are 
plotted  in  Figure  ) with  the  same  line  parameters  as  for  Figure  2.  It  is  apparent  that  the  radiation 
is  very  frequency  sensitive  but,  provided  the  mode  is  well  guided,  may  be  kept  to  acceptable  levels 
with  a bend  radius  approximately  4 x 1 (guide  width). 


Alternative  dielectric  structures  have  been  proposed  which  have  some  advantages  from  a mechanical  view- 
point. The  cross  section  of  inverted  strip  guide  (ITOH  and  MITTRA,  1975)  is  shown  in  Figure  4.  It 
consists  of  a slab  of  dielectric  material  separated  from  the  ground  plane  by  a strip  which  has  a lower 
dielectric  constant.  Then,  most  of  the  energy  is  contained  within  the  top  slab  and  concentrated  above 
the  strip.  Although  this  configuration  may  be  easier  to  fabricate,  its  application  to  integrated 
circuits  appears  to  be  limited  by  its  poor  guidability  in  curved  sections.  Insular  guide,  shown  in 
Figure  5,  is  similar  to  image  line  but  includes  a thin  "insulating"  film  of  low  dielectric  constant 
material  between  the  line  and  the  ground  plane.  The  field  decays  exponentially  in  the  layer  and  this 
reduces  conductor  losses  in  the  ground  plane  and  also  relaxes  fabrication  tolerances  such  that  components 
may  be  assembled  usin^  standard  laboratory  facilities.  One  disadvantage  of  the  structure  is  that  the 
dominant  orthogonal  mode  is  no  longer  suppressed*  however,  no  evidence  of  coupling  to  this  mode  has 
been  found  in  the  circuits  so  far  tested,  even  at  frequencies  where  it  is  able  to  propagate. 


With  the  use  of  high  quality  dielectrics,  the  losses  in  insular  guide  approach  those  of  copper  waveguide 
and  are  significantly  less  than  microstrip.  Thus  high  Q resonant  elements  can  be  realised.  The  open 
structure  may  be  exploited  in  adjustable  components  and  directional  couplers  and  is  convenient  for  the 
integration  of  components  into  complete  circuits.  The  presence  of  the  ground  plane  is  required  for 
mechanical  support  and  as  a heat  sink  for  active  devices.  The  development  of  these  components  is 
described  in  the  following  section. 

3.  COMPONENT  DEVELOPMENT 

A number  of  components  have  been  developed  and  constructed  at  a modelling  frequency  of  )OGHx.  In  this 
band  alumina,  with  a dielectric  constant  of  9.8,  has  been  chosen  to  provide  reasonably  compact  circuits 
without  significant  radiation  from  curved  sections.  For  the  prototype  work,  a machinable  ceramic  loaded 
plastic  material  is  employed;  although  the  dielectric  constant  is  nominally  the  same  as  that  of  alumina, 
its  loss  target  is  approximately  an  order  higher  and  the  line  losses  (made  up  of  dielectric  and  conductor 
losses)  are  approximately  0.04dB/guidc  wavelength  at  UXHU . The  corresponding  loss  using  alumina  is 
calculated  to  be  approximately  0.01 dB/ guide  wavelength.  The  insulating  film  is  of  polythene  which  also 
serves  to  adhere  the  line  to  the  ground  plane  without  introducing  any  significant  additional  losses. 

Directional  couplers  consist  simply  of  two  lines  in  close  proximity  as  shown  in  Figure  6.  The  structure 

is  most  conveniently  analysed  in  terms  of  symmetric  and  asymmetric  modes.  Their  propagation  constants, 

K and  K..  respectively,  are  computed  by  modifying  the  boundary  value  problem  of  the  isolated  line  to 

include  electric  and  magnetic  walls  at  the  symmetry  plane  as  shown  in  Figure  7.  The  coupled  voltage,  v , 

is  given  by  1 

V a j sin  CZe-*1*^ 

c 

where  the  coupling  coefficient,  C,  * (K^  - K^)/l 

K is  the  propagation  constant  of  the  isolated  line  and  Z is  the  distance  along  the  coupler.  Either  the 
line  spacing  or  the  length  can  be  adjusted  to  give  a particular  coupling  value.  It  is  apparent  that 
when  CZ  = n/J,  complete  power  transfer  takes  place. 

A typical  coupling  response  is  shown  in  Figure  8(a).  The  measurement  of  directivity  reproduced  in 
Figure  8(b)  is  limited  by  the  vswr  of  the  loads  which  consist  of  diamond  shaped  sections  of  lossy 
material  placed  directly  on  the  line.  However,  it  is  seen  that,  with  the  absence  of  discontinuities 
in  the  coupling  region,  the  directivity  is  at  least  better  than  UMB.  The  coupling  is  a monotonic 
function  of  frequency.  A flatter  response  can  be  achieved  by  modifying  the  structure  to  make  the 
propagation  constants  different  for  the  two  lines.  In  Figure  8(c)  a variation  of  ± . J5dB  has  been 
achieved  over  a JO*  bandwidth. 

The  open  structure  of  insular  guide  lias  been  exploited  in  the  design  of  the  adjustable  phase  changer 
and  attenuator  shown  in  Figure  9.  In  the  phase  changer,  the  transverse  fields  are  distorted  by  the 
presence  of  the  metallic  wall  to  produce  a modification  in  the  pro pa gat  ion  constant.  The  variation  in 
phase  as  the  position  of  the  metallic  plate  is  moved  relative  to  the  line  is  plotted  in  Figure  9(b). 

Good  agreement  is  obtained  between  the  experimental  and  predicted  behaviour.  The  adjustable  attenuator 
is  realised  by  replacing  the  metallic  plate  with  a resistive  card.  Vith  the  card  length  shown  in 
Figure  9(c),  an  attenuation  range  of  JOdB  was  obtained. 

Filters  are  realised  using  resonant  rings  with  proximity  lines  to  couple  in  and  out  of  the  structure. 
l}*s  of  700  have  been  obtained  with  the  plastic  material  but  values  of  at  least  3000  should  be  achievable 
using  pure  ceramics.  The  circumference  must  be  a multiple  number  of  wavelengths  to  prevent  excessive 
radiation.  It  is  then  necessary  to  use  a number  of  coupled  rings  with  differing  diameters  to  suppress 
the  unwanted  resonances  adjacent  to  the  pas a -band . Tuning  elements,  similar  in  principle  to  the 
adjustable  phase  shifter,  are  required  to  align  the  responses  of  the  individual  rings.  A two  pole  band 
pass  filter  is  shown  in  Figure  10(a).  The  predicted  and  measured  responses,  reproduced  in  Figures  10 
(b)  and  (c),  are  well  correlated  and  the  filter  has  a bandwidth  of  1 SOMH* . a loss  of  J.SdB  and  a pass 
band  ripple  of  . JVIB.  It  should  be  noted  that  since  the  rings  are  essentially  ref lect l unless , filters 
can  be  cascaded  without  the  interaction  problems  usually  encountered. 

Active  devices  are  generally  considered  to  be  difficult  to  integrate  with  dielectric  waveguide  structures 
because  they  represent  an  abrupt  discontinuity  in  the  line  and  result  in  radiation  which  is  difficult  to 
suppress.  However,  detector  and  mixer  diodes  have  been  successfully  mounted  using  the  arrangement  shown 
in  Figure  11(a).  For  convenience,  coaxial  diodes  were  used,  mounted  in  the  baseplate.  A transition 
from  coaxial  line  to  the  dielectric  waveguide  is  then  formed  by  a vertical  pin  positioned  centrally  in 
the  line,  approximately  \g/4  from  its  end.  The  top  face  and  end  wall  of  the  line  is  metallised  to 
reduce  radiation  and  provide  a good  match.  The  sensitivity  of  the  arrangement  with  a IN^3  diode  when 
operated  as  a detector  is  shown  in  Figure  11(b).  The  performance  was  comparable  to  that  measured  with 
the  same  d*ode  mounted  in  a metallic  waveguide  mount. 

With  oscillators,  the  difficulty  lies  in  realising  a suitable  high-Q  cavity.  As  with  MIC  systems  it 
is  considered  that  the  most  satisfactory  solution  is  to  employ  conventional  metallic  waveguide  cavities 
and  provide  a transition  to  the  dielectric  line.  A gunn  oscillator  using  this  approach  is  shown  in 
Figure  1J.  The  output  waveguide  is  of  the  same  dimension  as  the  dielectric  line  and  is  cut  off  in 
the  air-filled  section.  The  cavity  coupling  is  then  conveniently  optimised  by  adjusting  the  position 
of  the  dielectric  line.  Using  this  arrangement,  the  rated  output  power  of  the  gunn  diode  has  been 
achieved  with  a cavity  Q of  approximately  1000. 
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4.  INTEGRATED  CIRCUIT  ASIBIL1TY  STUDIES 

A large  range  of  standard  rf  components  have  been  realised  in  insular  guide  and  reasonable  performances 
have  been  achieved.  Further  work  is  being  carried  out  on  additional  components  such  as  ferrite  non- 
reciprocal devices  and  PIN  diode  modulators.  To  investigate  integration  problems,  the  components  so 
far  developed  have  been  included  in  a demonstration  transceiver  circuit,  again  operating  at  a modelling 
frequency  of  30GHz . A similar  circuit  in  metallic  waveguide  is  currently  under  development  for  a 60GHz 
covert  communications  link  terminal.  The  insular  guide  technology  is  being  considered  to  reduce 
the  unit  cost  and  improve  the  system  viability. 

The  prototype  circuit  is  shown  in  Figure  t3.  A fraction  of  the  transmitter  power  is  extracted  by  a 
directional  coupler  to  provide  the  local  oscillator  signal  for  the  balanced  mixer,  (the  transmit  and 
receive  signal  frequencies  being  separated  by  the  IF  frequency).  The  received  signal  is  extracted  by 
the  two-pole  band  pass  filter.  In  the  final  system,  a polyrod  antenna  would  be  integrated  with  the 
circuit  to  illuminate  the  high  gain  offset  reflector  developed  for  the  terminal. 

Target  figures  for  the  principal  circuit  parameters  are  listed  below;  the  figures  in  brackets  indicate 
the  improvement  in  performance  to  be  expected  when  the  ceramic  loaded  plastic  material  is  replaced  by 
alumina. 

Transmitter  power  50mV 

Transmitter  frequency  30.000  GHz 

Receiver  frequency  29.750  GHz 

IF  frequency  250  MHz 

Filter  bandwidth  200  MHz 

Filter  insertion  loss  3dB  (IdB) 

Line  losses  2dB  (.5dB) 

Mixer  conversion  loss  (IN53  diode)  8dB 

The  mixer  conversion  loss  is  limited  at  present  by  the  characteristics  of  available  mixer  diodes.  Initial 
results  show  that  the  desired  performance  can,  in  the  most  part,  be  achieved  although  difficulties  have 
been  encountered  in  optimising  the  mixer  arrangement.  This  resulted  in  a higher  mixer  conversion  loss 
of  10dB  and  improvements  are  currently  being  made  in  the  design  of  the  IF  matching  circuit. 

5.  CONCLUSIONS 

The  feasibility  of  insular  guide  integrated  circuits  has  been  established.  Further  work  is  required  in 
the  development  of  additional  components,  such  as  modulators  and  non-reciprocal  devices.  However,  it 
is  considered  that  emphasis  should  now  be  given  to  improving  techniques  for  fabricating  circuits  with 
pure  ceramics.  This  area  is  being  explored  so  that  the  technology  can  be  applied  to  practical  systems. 
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Figure  8: 


(a)  Measured  and  predictod  coupling  response  as  a function  of  frequency* 
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Figure  8:  (b)  Corresponding  directivity  as  a function  of  frequency 


Figure  8:  (c)  Optimised  coupler  response 
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SUMMARY 


New  types  of  lot*  cost  microstrip  millimetre  wave  antennas  having  flat  profiles  which  can  be  made 
conformal  with  the  SLrface  of  missiles  etc,  are  investigated.  The  antenna  design  is  carried  out  using  a 
computer  design  technique  that  has  recently  proved  successful  up  to  1 7 GHz ; this  process  computes  antenna 
gain,  sidelobes,  efficiency,  etc  prior  to  drawing  the  photographic  mask,  and  the  fundamental  aspects  of 
the  technique  are  briefly  noted.  The  design  and  subsequent  performance  of  planar  arrays  using  R1  Duroid 
and  alumina  substrates  at  both  J6  and  70  GHz  is  then  described  and  critically  examined.  The  mechanical 
and  electrical  control  of  tolerances  are  obvious  sources  of  difficulty  which  reflect  in  the  results  but 
the  outcome  is  far  less  problematical  than  expected.  It  is  concluded  that  microstrip  antennas  can  be 
designed  at  millimetre  wavelengths  to  achieve  comparable  performance  to  that  obtained  at  lower  f requencies ; 
but  that  the  precision  with  which  the  substrate  can  be  manufactured  and  processed  determines  the  actual 
performance  obtained.  No  fundamental  upper  frequency  limitation  has  yet  been  established. 
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substrate  height 

permeability  and  permittivity  of  free  space 
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end-effect 

impedance  of  microstrip  line 

attenuation  constant  of  microstrip  line  (dB/ \g) 

free  space  and  microstrip  line  wavelength 

radiation  admittance  of  open-circuit  termination  aperture 

admittance  due  to  surface  wave  generation  in  aperture 

power  gain  of  antenna  array  above  isotropic 

power  losses  in  load,  microstrip  lines  and  corporate  feed 

power  radiated  at  triplate/microstrip  Interface 

wave  numbers  in  free  space,  in  substrate  in  direction  of  propagation  and  across  the  stripline 
respectively 

frequency 


INTRODUCTION 


The  recent  progress  in  the  generation  and  transmission  of  millimetre  waves  together  with  the  upsurge 
of  commercial  and  military  interest  highlights  the  need  to  design  new  types  of  antennas  to  suit  the 
various  constraints  Imposed  by  these  systems.  A common  requirement  is  for  antennas  wit  i flat  profiles 
since  these  are  compatible  with  modem  integrated  circuits  and  can  be  made  conformal  with  the  surfaces  of 
missiles,  aircraft,  vehicles  etc;  antennas  with  low  manufacturing  costs  as  well  are  additionally 
advantageous.  A recent  survey  (HALL,  P.S.  and  JAMES,  J.R.,  1978)  has  indicated  that  little  work  has  been 
done  on  the  problem  of  creating  flat  profile  antennas  at  millimetre  wave  frequencies  and  only  one  example, 
a very  narrow  band  antenna  at  36  GHz,  has  been  presented,  (WILLIAMS,  J.C.  1978).  At  lower  frequencies 
new  types  of  low  cost  flat  profile  antennas  have  been  successfully  designed  using  printed  microstrip 
technology  (JAMES,  J.R.  and  WILSON,  G.J.,  1977)  (JAMES,  J.R.  and  HALL,  P.S.,  1977)  and  many  innovative 


Ideas  are  emerging  on  basic  array  design  fOAMIS,  J.K.  and  WUsON,  U.J. , ldfhVon  frequency  swept  tmy 
design  ;AUMN,  J.I.,  HAIL,  P.S.  and  JAMIs,  O.K,,  Idlt*!  and  on  circularly  polarised  array  design  ^ M At  l , 

I'M,,  H’8).  lhe  potent  ial  usefulness  of  micivstrip  antennas,  as  iudged  by  recent  discussions  ,UAt 
t'tAU  ANUNNA  SYMPOSIUM,  RsKt  MAtVIKN,  INUtANU,  N’t»),  is  likely  to  !>.•  > oust derable  and  thr  question 
.him",  .in  to  how  high  in  frequency  thr  micivstrip  antenna  concept  iin  be  usefully  ovtended  lhe  purpose 
of  this  paper  is  to  invest  Iqate  til*  feasibility  of  designing  t ravel  1 ing  wave  inilltinetiv  wave  idioms  trip 
antennas  and  tin*  t requency  range  ot  immediate  inteiest  is  up  to  ,’0  LJi: . A brief  out  Imp  ot  tin1  fuini.iwut.il 
•fit  ton  of  mio  ims  trip  antennas  and  thp  lomputpr  ilpsiqn  tPihnlquP  is  given  prior  to  discussing  thr  .ipplit.t 
tiini  ot  tlu>  l.itter  .it  millimetre  wave  frequencies.  lhp  findings  ,irr  then  critically  reviewed,  conclusions 
drawn  .Hid  rt*i  oniiKMid.it  inns  for  hofh  further  iv'search  .ind  .irvplopwnt  made. 

DlblGN  01  MUR0SIR1P  ANUNNA  AKKAis 
.'.1  i uiulamental  Ai  t ion 

A detailed  dpsiription  of  thr  tund.iiiKMit.il  Apt  ion  of  idioms  trip  .vitonii.is  ami  a iipw  design  technique 
tor  mioMstlip  antenna  arrays  are  given  in  (lie  literature  y .' AMi  s , O.K.  and  WUSON,  0.0.,  1 o * • l , uiAMIS, 

O.K.  and  HALL,  I'.S.,  Id  VI.  The  main  points  ot  the  design  process  a re  now  siiwtan  sed  and  updated  in  the 
light  of  our  on  going  research  programme. 

An  open-c  ircui  t microstrip  stub  I ig  |;a)  has  in  the  past  been  regarded  as  an  ideal  open  circuit 
teitDin.it  ton  in  conjunction  with  a line  extension  vc , the  l.itter  being  the  end-effect  '>  h where  h is  the 
substrate  height;  the  strip  width  is  denoted  by  w and  the  relative  and  eftective  permittivity  ot  the 
substrate  are  and  respectively.  It  has  now  been  shown  that  a significant  Ion  ot  radiation  can 
ociur  in  the  region  of  the  tennin.it  ion  and  the  open  circuit  stub  can  in  la.  I be  utilised  as  a radiating 
element.  The  radiation  conductance  ly  has  been  measured  and  the  radiation  pattern  is  essentially  that  ot 
a magnetic  Hertzian  dipole.  Another  ettect  tailing  place  is  (lie  launching  ot  surface  waves  into  the 
substrate  and  it  these  waves  are  not  reflected  back  to  the  termination  bv  obstacles  or  discontinuities  in 
the  substrate,  the  additional  loss  ot  power  is  represented  bv  a conductance  i>  . there  is  also  some 
susceptive  contribution  It  but  in  practice  it  is  difficult  to  separate  t> , and  P . More  recent  estnikites 
and  an  analysis  of  these  parameters  have  been  given  ;W00l',  L.,  MALI,  I'.S1,,  and  ''JAMis,  J.K.,  In’iSi, 

;Hi Nl'i KsON,  A,  and  .'AMI  s,  J.K.,  l'>')t).  lliese  parawters,  I ig  lybl,  form  the  basis  of  the  design  process 
to  be  used  and  are  valid  for  arrays  ot  open-circuit  terminations,  provided  the  distance  of  separation 
of  the  latter  is  sufficiently  large  not  to  create  significant  coupling  of  the  evanescent  fields  of  the 
apertures. 

sow  reient  data  for  i, . and  ii  for  both  K1  I'uroid  and  alumina  substrates  is  given  in  Mg 
A linear  array  iAn  be  fc'iwrd  bv  attaching  several  open  circuit  stubs  to  a micivstrip  teeiier  line  and  bv 
printing  such  linear  arrays  snle  bv-side,  a two  dimensional  array  can  be  designed;  a corporate  feed 
system  is  then  reguiivd.  Hie  aperture  distributions  ot  the  I inear  arrays  can  be  controlled  to  a high 
degree  bv  varying  the  width  of  the  stubs  and  both  irsonant  and  travelling  wave  antennas  have  been 
designed  on  this  basis. 

computer  I'esign 

Given  the  desired  antenna  specification,  thr  entire  array  van  be  designed  and  a photographu  mask 
drawn  by  computer.  In  addition  to  the  G.  data,  guasi-stat  ii  estimations  yMAMMt  RSI  AO,  1 .0.  and  PI  kkAl'Ai  , i,, 
I'l.’bl  have  been  used  to  correct  tor  the  end  ettnt  v.  h and  also  the  behaviour  ot  the  I-junctions  where 
the  stubs  arc'  attached  to  the  feeder  lines.  We  now  tind  it  necessary  to  s upp I eiwii f these  estimates  with 
our  own  empirical  data  to  improve  the  .W'sign  accuracy. 

The  cv'mputer  pivgrawDe  calculates  the  radiation  pattern  ;M  plane'  ot  a linear  array  and  when 
several  linear  arrays  form  a two  dimensional  array  then  the  I -plane  pattern  is  also  given.  I he  phase  and 
amplitude  ot  the  apertuie  distribution,  the  antenna  power  gain  P . above  isotropic,  the  power  loss,  ■•  , m 
the  load  for  the  travelling  wave  antenna  case  only,  the  power  loss,  , in  the  micivstrip  lines  and  stubs 
and  finally  the  input  YMYK  of  a ltneai  array  are  alsi>  calculated,  1 ivi*  total  line  loss,  ..  , ot  tlie 
corporate  feed,  when  applicable,  is  also  computed.  Die  design  process  has  been  extensively  tested  up  to 
1’  GHz.  Linear  arrays  with  si.ielc'be  levels  ot  -.\>dP  can  be  realised  but  surface  waves  and  particularly 
mechanical  and  electrical  tolerance  problems  at  present  pis*  vent  the  attainwnt  of  lower  side  Kibe  levels. 

We  have  subsequently  found  that  radiation  from  micivstrip  corporate  feeds  is  intolerable  and  triplate 
feeds  aee  now  used;  some  power,  , is  lost  dm*  to  radiation  from  the  triplate  to  micivstrip  transition, 
further  impivvemints  in  the  corporate  teed  design  will  probably  depend  on  mechanical  and  electrical 
tolerances  and  a computer  assisted  study  of  this  problem  is  currently  in  pisigress;  inert  results  indicate 
that  an  t -plane  si.telobe  level  of  -.‘Sdlt  can  be  achieved  using  imoiwed  design  methods . Microstrip  arrays 
have  lower  bandwidths  and  efficiencies  and  higher  c rcvss-polarlsat  ic*n  lewis  than  convent  tonal  antennas 
hut  the  cost  and  system  advantages  of  this  new  antenna  concept  air  likely  to  outweigh  the  disadvantages 
for  numerous  applications. 

J.J  I'esign  Implications  of  Millimetre  Wave  frequencies 

If  the  same  substrate  material  and  height  is  used  at  millimetre  wave  frequencies  as  at  lower 
frequencies  then  it  follows  from  Mg  thal  the  ii  G ratio  Increase  at  higher  frequency  and  more  power 
Is  Injected  into  the  substrate,  Isperience  has  sftowh  that  the  radiation  of  this  surface  wave  power  at  a 
substrate  discontinuity  is  most  likely  to  urate  problems  at  the  peripherv  of  the  array  where  the 
substrate  regions  air  fire  of  printed  conductors,  tvanescent  higher  order  im'des  air  also  us'ir  import ant 
at  higher  frequencies,  producing  phase  errors  at  junctions  in  the  corporate  feed  and  antenna  structure 
and  when  allowed  to  propagate  sevetr  amplitude  errors.  Propagation  can  be  pirvented  and  phase  errors 
reduced  by  a correct  choice  of  line  width  and  substrate  height;  this  is  an  important  design  constraint 
and  is  discussed  more  fully  in  section  these  factors  Indicate  that  where  possible  the  substrate 

height  should  also  he  scaled  with  frequency,  lhe  increased  importance  of  manufac luring  and  material 
tolerances  and  the  expected  increase  in  the  micivstrip  line  attenuation  at  higher  frequencies  are  further 
problems  that  must  be  considered. 
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Apart  from  these  factors  the  computer  programme  will  model  the  antenna  behaviour  at  these  high 
frequencies  to  an  accuracy  comparable  with  lower  frequency  operation.  The  direct  use  of  this  computer 
programme  at  millimetre  wave  frequencies  therefore  provides  a definitive  test  of  the  validitv  of  staling 
the  microstrip  dimensions  down  as  the  frequency  is  increased,  thus  obviating  the  need  to  redesign  at  each 
new  frequency.  This  then  is  the  main  aim  of  this  paper. 

.1.  EXPERIMENTAL  ANP  COMPUTED  RESULTS 

The  general  form  of  the  microstrip  antenna  arrays  to  be  considered  heir  is  illustrated  in  tig  3.  lhe 
array  is  composed  of  eight  identical  linear  comb  line  arrays  which  are  fed  by  a corporate  feed.  All  the 
cases  considered  are  travelling  wave  arrays  and  each  linear  array  is  terminated  in  a PAG  painted-on 
matched  load.  Ihe  H-ptane  sidelobe  level  is  determined  by  the  distribution  of  stub  widths  along  the 
linear  arrays  while  the  corporate  feed  is  designed  to  create  the  desired  l-plane  distribution.  Radiation 
from  the  corporate  feeds  can  be  prevented  by  constructing  the  feed  in  triplate  and  this  is  readily 
achieved  using  conventional  techniques  for  the  R!  Ouroid  substrates.  Ihr  design  concepts  are  given  in 
the  literature  (JAMtS,  J.R,  and  MALI,  P.S.,  M77)  and  it  is  sufficient  heir  to  identify  the  parameters 
to  be  quoted  in  addition  to  P..,  • . , -i  , » and  n which  have  been  defined  in  section  7.2  and  h,  , and  ( 
in  section  2.1  t.  l s i i re 

lhe  attenuation  of  a microstrip  line,  in  dll  per  microstrip  wavelength  is  calculated  from  PUCEl, 

MASSE  and  HAR1WIG,  Ht>8  with  the  resistivity  of  copper  increased  to  account  for  surface  roughness  effects 
at  hi qh  frequency  ;BENS0N  and  STEVEN,  H63)  to  be  , - 0.07  dB  v for  0.  N nn  thiclc  R1  Ouroid  substrate 
i at  36  and  70GH7,  < '0.11  dll  \ for  0.7Sntn  R!  Puroid  substrate  at  'PGH>*  and  0.08  dll  v for  the  alumina 

substrate  used  at  .16  and  70GHj7  11 

dj  * separation  between  adjacent  stubs,  w.  - stub  width,  (,  * stub  length,  w * feeder  width  for  the 

linear  array;  i is  a positive  integer  1 • i • N,  where  N is  the  number  of  stubs  on  the  linear  array. 

3.1  Array  Design  At  36GMt 

Previous  experience  has  shown  that  arrays  made  on  0,  TOmm  R1  Ouroid  substrates  gives  better  results 
than  the  thicker  I.StViwi  substrates  at  1 76Ht  and  the  difficulties  with  the  latter  substrate  at  that 
frequency  are  attributed  to  the  increased  surface  wave  contribution.  At  >GMj  even  the  0.  'dnm  substrate 
may  be  too  thick  but  no  evidence  of  this  is  apparent  in  the  first  example  Tigs  A and  b.  lhe  array  was 
designed  to  have  both  uniform  E and  H-plane  aperture  distributions.  A large  amount  of  power  was  dumped 
in  the  load  as  shown  in  Table  1;  <ii  is  determined  by  the  finger  width  which  was  arbitrarily  chosen  to  be 
0.3mm;  m can  be  reduced  by  increasing  w although  additional  phase  and  amplitude  errors  are  introduced  if 
excessively  wide  fingers  ate  used.  The  H-plane  squint  is  due  mainly  to  inaccuracies  in  the  value  of 
used  together  with  small  phase  errors  due  to  the  1 junctions  and  open  circuit  ends. 

No  precise  measurements  of  these  effects  were  made  at  3b  or  70GH;  during  this  work;  in  practice  such 

measurements  would  have  to  be  made,  to  allow  this  squint  to  be  remvved.  The  sidelobe  levels  of  the 
radiation  patterns  are  consistent  with  a uniform  illumination.  A usable  banAvidth  of  about  1GH:  is 
indicated  by  the  VSWR  curves  centred  at  36.bGH;  but  the  bandwidth  for  -13dB  sidelobe  levels  is  sompwhat 
less.  The  power  gain  P^  is  calculated  from  the  area  of  t lie  array  which  is  hdmm  x b him  and  produces  an 
actual  antenna  system  of  24.0dB.  Table  1 substantiates  the  aggregate  of  the  various  loss  factors  , ns« 
n and  n-.  The  measured  gain,  which  corresponds  to  an  efficiency  of  .'Ai,  does  not  include  the  .MB  Toss 
iK  the  ciax  to  triplate  transition  and  thus  represents  the  gain  of  the  array  and  corporate  feed  only.  In 
practice  a low  loss  transition  should  be  used.  The  antenna  system  gain  could  be  substantially  increased 
by  using  wider  stubs  thus  reducing  n,  and  it  would  appear  that  no  significant  problems  with  surface  waves 
or  overmoding  ate  apparent  at  this  sidelobe  level. 

At  1 7GHt  alumina  substrates  can  be  used  as  radiators  although,  as  shown  in  Mg  7,  the  radiation  con- 
ductances are  low;  in  consequence  losses  in  the  lines  and  loads  become  more  significant  and  low  efficiency 
antennas  result,  low  radiation  conductance  is  to  be  expected  as  alumina  substrates  aie  used  up  to  this 

frequency  for  circuits  in  which  it  is  required  to  keep  radiation  to  a minimum. 

Our  measurements  on  alumina  antennas  at  36GHj  clearly  indicate  that  the  radiation  conductances  ate 
still  too  low  and  the  stub  widths  cannot  be  made  wide  enough  to  irlease  the  quidrd  power.  Ihis  is 
summarised  for  one  example  in  Table  2.  This  antenna  had  overall  dimensions  of  31mm  x ,'bmn  and  wav  again 
designed  to  be  a uniform  aperture  distribution  but  for  the  stub  widths  required  tw^  * 0.1mm'  npst  of  the 

power  was  dumped  in  the  loads.  This  antenna  had  a low  system  gain  and  could  not  bA  measured  properly. 

Furthermore  no  simple  tri plate  arrangement  for  the  corporate  feed  was  available  and  a further  power  loss 
of  probably  7dB  was  attributed  to  radiation  from  the  feed  alone.  Sidelobe  levels  in  the  H-plane  air 
generally  around  -OdB  due  to  the  unwanted  feed  radiation.  It  is  concluded  that  alumina  of  thiv  thickness 
is  unsuitable  for  antenna  array  applications  at  3bGH;  but  the  construction  of  simpler  antennas  such  av 
patch  radiators  may  be  possible.  Construction  of  a triplate  feed  network  is  an  important  requirement  for 
these  antennas  and  we  have  not  yet  solved  this  problem  in  alumina. 

The  final  experiment  at  36GHt  was  to  investigate  the  extent  to  which  the  aperture  distribution  of  an 

array  on  RT  Puroid  can  be  tapered  to  reduce  the  sidelobe  levels,  lhe  sidelobe  levels  aimed  at  in  the  M 
and  E-planes  are  - 1 BdB  and  -23dR  respectively  and  the  actual  physical  layout  is  that  of  the  example  used 
In  Fig  3;  the  results  are  given  in  Figs  6 and  7 and  Table  3.  The  H-plane  squint  at  36GH:  wav  not 
corrected  at  this  stage  and  apart  from  this  departure  the  computed  and  measured  sidelobe  levels  show 
reasonable  agreement  within  2dB.  As  with  the  uniform  array  there  is  considerable  low  level  radiation  away 
f tern  boresight  which  is  attributed  to  spurious  surface  effects  and  aperture  distribution  errors,  the 
sidelobe  level  in  the  trplane  is  not  lower  than  for  the  uniform  array  due  mainly  to  errors  in  the 
distribution  produced  by  the  corporate  feed.  The  asymmetrical  power  splitters  used  in  the  tapered  corporate 
feed  will  tend  to  excite  the  first  higher  order  mode  which  gives  rise  to  severe  amplitude  and  phase  errors 
at  these  junctions.  This  problem  can  be  alleviated  by  using  a higher  impedance  level  throughout  the  teed 
or  a thinner  substrate,  although  this  limits  the  available  aperture  taper  due  to  printing  limitations. 

The  VSWR  Fig  7 is  not  quite  as  good  as  in  the  uniform  feed  case  Mg  S due  to  the  errors  in  the  tapered 
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corporate  feed  but  is  otherwise  reasonable  giving  much  the  same  bandwidth  performance.  11m  array  occupies 
an  aiea  57imi  x l,'5mm  and  the  stubs  widths  w ranges  from  O.litin  to  l.lCntn.  The  non-uniform  stub  widths 
lead  to  non-uniform  stub  separation,  d.  , and  length,  with  average  values  similar  to  d and  i guoted  in 

Fig  4.  less  power  was  dumped  in  the  loads  than  in  the  uniform  array  case  as  a comparison  of  lable  3 and 
Table  1 shows;  the  array  was  also  longer  producing  an  increased  f\.  and  n, . The  computed  system  gain  is 
of  the  same  order  as  that  measured;  the  measured  value  does  not  include  the  loss  in  the  coax  to  microstrip 
transition  mentioned  earlier.  Ihe  measured  efficiency  of  30%  is  lower  than  obtained  at  1 7GHz  due  to 
increased  line  loss  and  radiation  loss  from  the  microstrip  to  triplate  transition.  Ihe  uncertainty 
in  the  'Measured  gain  is  due  to  the  difficulty  of  accurately  characterising  the  transitions  used  in  the 
measurement.  It  is  concluded  that  surface  wave  effects  do  not  materially  affect  the  H-pIane  performance 
at  the  sidclobe  level  achieved  and  the  l-plane  problems  are  entirely  due  to  the  difficulties  introduced 
by  the  corporate  feed.  As  such  the  antenna  part  itself  appears  to  behave  in  much  the  same  way  as 
comparable  designs  at  17GHz. 

3.2  Array  Design  At  70GHz 


To  examine  the  performance  of  microstrip  arrays  on  RT  Duroid  substrates  0.  ?4imt  thick  at  70  GHz  an  array 
having  a uniform  aperture  distribution  in  both  planes  was  designed  having  a stub  width  of  0.1mm  and  SOu  feed 
lines  in  the  array  and  a minimum  impedance  level  of  30c  in  the  triplate  corporate  feed.  However  the 
line  widths  used  allowed  higher  order  modes  to  propagate.  Ihe  cut-off  condition  for  these  modes  occurs 
when  the  wave  number  in  the  direction  of  propagation,  k . , becomes  zero.  k_  is  given  by 
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where  k and  k are  the  wave  numbers  in  free  space  and  in  the  direction  across  the  roicrostrip  or  triplate 
lines  respectively;  f is  the  frequency,  i.  and  <-y  are  the  permeability  and  permittivity  of  free  space,  > . 
is  the  relative  permittivity  of  the  substrate,  m'is  the  higher  order  mode  number  and  w,  is  the  equivalent 
width  of  the  microstrip  or  triplate  line  and  is  defined  as  the  width  of  a section  of  parallel  plate  line 
of  equal  impedance.  In  the  microstrip  50c  line,  the  cut-off  frequency  for  m 1 is  38.bGHz  while  for 
m 2 is  above  70GHz.  For  triplate  30i  line  the  cut-off  frequencies  are  30  and  bOllH.-  for  m ■ 1 and 
respectively.  The  array  F -plane  radiation  pattern  was  severely  degraded  due  to  overmoding  in  the  corporate 
feed  and  when  the  minimum  impedance  was  raised  to  50  , cutting  off  the  ro  mode,  sidelobe  levels  of 
about  -10dB  wore  obtained.  However  acceptable  patterns  in  the  H-plane  we  tv  obtainaiwi  tli  50s:  line  impedance 
which  we ix'  degraded  when  a thinner  80-:  feed  line  was  used.  The  precise  explanation  for  this  is  unclear; 
from  tig  it  can  be  seen  that  the  surface  wave  excitation  is  only  lOdB  down  on  radiation  and  this  together 
with  the  looser-  trapping  and  hence  higher  spurious  radiation  from  the  junctions  of  the  80c  line  will 
reduce  the  effective  control  of  the  aperture  distribution.  The  conclusion  is  then  that  0.  79nin  RT  Duroid 
substrate  is  too  thick  at  this  frequency  due  to  overmoding,  spurious  radiation  and  surface  wave  generation. 

An  array  was  then  wide  on  0. 2 5 inn  thick  RT  Duroid  substrate  which  was  the  closest  to  a scale  substrate 
height  that  was  readily  available.  Ihe  array  has  uniform  distributions  in  both  planes  and  used  impedance 
levels  that  ensured  that  all  higher  order  modes  were  cut-off.  Due  to  the  narrow  banitoidth  of  the  signal 
source  at  70GHz  measurements  were  only  made  at  that  frequency.  Fig  8 shows  the  H and  l-plane  radiation 
patterns.  Good  agreement  with  theory  is  noted  while  the  squint  in  the  H-plane  is  again  due  largely  to 
the  inaccuracy  in  the  value  of  , used.  Ihe  power  gain.  Table  5,  is  computed  fivm  the  array  area  which 
is  48.5  \ .'8. hum  and  produces  an  antenna  system  gain  of  2 4 . 1 dB . The  measured  gain  corresponds  to  an 
efficiency  of  83%.  Ihe  uncertainty  in  the  measured  gain  figure  is  due  to  the  difficulty  in  accurately 
liefining  the  transmission  characteristics  of  the  transitions  used  in  the  measurement.  Ihe  measured  gain 
does  not  include  about  5dB  loss  in  the  coax  to  triplate  transition  and  is  therefore  the  gain  of  the 
array  and  triplate  corporate  feed  only.  The  commercial  coax  to  triplate  transition  used  wav  intended  for 
1.58mm  triplate  and  in  practice  a properly  designed  low  loss  transition  should  be  used.  The  measured 
VSWR  of  the  array  and  transition  was  found  to  be  1.7:1.  These  results  show  that  performance  close  to 
that  of  equivalent  arrays  at  17GHz  can  be  obtained  at  70 GHz  by  use  of  scaled  substrates. 

Fig  shows  that  at  70GHz,  the  radiation  conductance  of  alumina  is  such  as  to  allow  efficient 
antennas  to  be  constructed.  This  is  borne  out  by  conparlson  of  the  gain  budget  of  lable  5 with  that  at 
36GHz  in  lable  2.  The  power  lost  in  the  load  is  now  significantly  reduced.  However  line  losses  are 
Increased  as  is  the  power  lost  by  radiation  from  the  microstrip  corporate  feed  and  the  uncertainty  of  this 
figure  reflects  the  difficulties  in  measuring  this  loss.  ndBs  of  gain  is  unaccounted  for  ana  is  possibly 
due  to  further  losses  in  the  microstrip  to  coax  transition  used  to  feed  the  array  and  power  lost  in  the 
sidelobes  of  the  radiation  pattern.  Ihe  power  radiated  from  the  feed  was  responsible  for  severely 
degrading  the  radiation  patterns  which  in  the  H-plane  had  a -3dB  sidelobe  level  and  in  the  E-plane  showed 
no  sensible  directional  properties. 

Similar  radiation  patterns  were  obtained  from  an  array  with  a uniform  aperture  distributions  made  on  a 
0.8,’nm  thick  substrate  of  ordinary  photographic  slide  glass.  However  the  measured  gain  of  this  array  was 
about  3dB  down  on  the  alumina  array  due  probably  to  losses  in  the  substrate.  No  effort  was  made  here  to 
obtain  high  purity  glass  and  the  inhomogeneities  in  the  material  would  further  degrade  the  radiation 
patterns.  The  use  of  a quartz  substrate  would  improve  the  loss  and  inhomogeneity  problem.  These  results 
show  that  antenna  arrays  could  be  made  from  higher  dielectric  constant  materials  but  that  feed  radiation 
must  be  suppressed  if  useful  sidelobe  levels  are  to  be  obtained.  Circuit  dimensional  tolerances  on  these 
substrates  are  inherently  better  than  on  low  dielectric  constant  substrates  due  to  the  use  of  evaporation 
techniques,  but  this  is  largely  offset  by  the  smaller  circuit  element  size. 

4.  DISCUSSION  AND  CONCLUSIONS 

Starting  from  a knowledge  of  a previous  research  program  at  1 7GHz  in  which  an  R1  Duroid  substrate 
0. 79nw  thick  was  found  to  give  best  results  and  that  arrays  on  alumina  substrates  were  possible  the 
present  work  has  shown  that  for  RT  Duroid  substrates  up  to  70GHz:- 
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a.  Use  of  4 0. /9tbi  thick  substrate  results  in  reduced  aperture  distribution  control  due  to  an  increased 
surface  wave  to  radiation  ratio  and  generation  of  higher  order  inodes. 

b.  Reduction  of  higher  order  moding  by  increased  impedance  levels  for  0. 79nm  substrate  results  in 
improved  corporate  feed  performance  but  severely  degraded  linear  array  performance. 

c.  Use  of  0.2Sm»  substrate  height  allows  arrays  to  be  made  with  radiation  patterns  that  can  be  controlled 
at  70GHz  as  well  as  at  17GHz  within  the  limits  set  by  manufacturing  and  material  tolerances. 

d.  the  measured  antenna  gain  was  generally  more  uncertain  than  at  lower  frequencies  and  we  attribute 
this  to  the  difficulty  of  completely  defining  the  transmission  characteristics  of  the  connectors  used  in 
the  measurements.  Allowing  for  this  the  computed  antenna  efficiencies  are  somewhat  lower  than  at  17GHz 
due  mainly  to  increased  line  losses. 

For  alumina  and  glass  substrates  we  conclude  that: 

a.  At  36GHz  alumina  substrates  O.Sm  thick  do  not  radiate  strongly  enough  to  allow  efficient  antennas 
to  be  made. 

b.  At  70GHz  radiation  is  increased  and  computed  results  show  that  useful  efficiencies  can  be  obtained. 

c.  The  use  of  ordinary  glass  substrates  as  a cheap  substitute  for  quartz  is  not  possible  due  to  considerably 
increased  losses. 

d.  Radiation  patterns  and  gain  are  severely  degraded  by  radiation  from  the  corporate  feed  and  unless  a 
closed  form  of  feed  structure,  such  as  triplate,  is  made  alumina,  glass  or  quirtz  substrates  are  unsuitable 
for  this  type  of  antenna. 

This  investigation  therefore  confirms  that  the  design  and  construction  of  microstrip  arrays  is 
feasible  up  to  70GHz  on  low  dielectric  constant  substrates  and  that  if  the  substrate  height  is  scaled  only 
manufacturing  and  material  tolerances  limit  the  performance.  Although  no  tests  have  been  carried  out  at 
higher  frequencies  it  seems  apparent  that  the  upper  frequency  limit  of  operation  of  microstrip  arrays  is 
determined  only  by  tolerance  control  and  the  availability  of  the  very  thin  substrates  required. 
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SUMMARY 


This  paper  covers  work  carried  out  at  Microwave  Associates  Limited  with  the  support  of 
the  Procurement  Executive,  DCVD,  The  Ministry  of  Defence  on  millimetre  wave  PIN  diode 
control  devices,  and  will  encompass  circuit  techniques  that  hhve  been  developed  to  over- 
come the  problem  of  stray  parasitics  limitinq  Hie  performance  of  hiqh  frequency  components 
The  components  described  operate  in  the  'reverse  tuned'  mode  in  which  low  loss  is 
achieved  when  the  diode  is  forward  biassed  and  isolation  is  achieved  when  the  diode  is 
reverse  biassed.  Packnqed  PIN  diodes  have  been  used  for  frequencies  up  to  38  GHz  and 
unpackaqed  devices  for  frequencies  up  to  70  GHz. 

1 . INTRODUCTION 

Systems  operating  at  millimetre  wave  frequencies  require  solid  state  control  components 
such  as  switches,  attenuators,  modulators,  duplexers  etc.  Two  types  of  active  device  can 
be  employed  in  these  components,  PIN  diodes  and  Schottky  diodes,  but  in  either  case  it  is 
important  to  keen  the  stray  parasitics  of  the  device  to  a minimum. 

Schottky  diodes  have  the  advantage  of  fast  switching,  making  them  suitable  for  fast 
switches  and  modulators,  but  they  have  a severe  limitation  with  regard  to  power  handling. 
PIN  diodes  with  a very  low  minority  carrier  lifetime  can  be  used  in  fast  switching 
applications  with  an  Increase  in  power  handling  over  Schottky  diodes.  In  addition,  PIN 
diodes  with  a large  I region  thickness  can  be  used  in  applications  where  high  peak  or 
mean  power  handling  capability  is  required. 


Three  components  are  described  in  this  paper: 


(i) 

A fast  Q-band  modulator 

(26  - 

40) 

GHz 

(ii) 

A fast  O-band  modulator 

(50  - 

70) 

GHz 

(iii) 

A Q-band  Dup lexer 

2. 

Q-BAND  MODULATOR 

The  initial  objectives  were  to  produce  a fast  PTN  modulator  operating  over  a 3*  band  at 
30  GHz  for  use  in  a high  speed  digital  data  link.  However,  techniques  wore  developed 
which  demonstrated  that  waveguide  switches  and  modulators  using  packaged  PIN  diodes  can 
operate  over  a 201  band.  The  main  problem  encountered  in  components  operating  at  these 
frequencies  using  packaged  diodes  is  the  limitation  in  performance  due  to  the  package 
parasitics.  The  method  used  to  overcome  tills  problem  is  to  utilise  these  parasitics  in 
conjunction  with  the  diode  capacitance  and  bonding  inductance  to  carry  out  the  switching 
function. 

"ig.  1 shows  the  simplified  equivalent  circuit  of  a packaged  PIN  diode.  Under  forward 
bias,  the  package  capacitance,  if  correctly  chosen,  can  be  made  to  resonate  with  the 
nack age  and  bonding  inductance  at  the  desired  operating  frequency.  The  resultant  high 
impedance,  if  placed  across  a transmission  line  of  suitable  characteristic  impedance, 
results  in  a low  loss  condition.  Under  reverse  bias,  the  junction  capacitance  forms  a 
resonant  structure  with  the  bonding  and  package  inductance  resulting  in  a low  impedance 
across  the  transmission  line. 

This  gives  an  isolation  condition.  Clearly  there  exists  a compromise  between  the 
isolation  and  insertion  loss  of  the  device,  depending  upon  the  impedance  of  the  trans- 
mission line. 

The  first  decision  that  had  to  be  made,  was  the  choice  of  a suitable  diode  package;  one 
with  a package  capacitance  that  could  be  resonated  with  the  stray  inductance,  and  in 
addition,  having  physical  dimensions  considerably  smaller  than  a quarter  wave  length  at 
the  operating  frequency. 

To  this  end,  the  Microwave  Associates  ODS  33  package  was  selected  as  meeting  these 
requirements  (Fig.  2) 

The  next  problem  was  how  to  physically  mount  the  package  across  the  transmission  line, 
and  how  to  apply  bias  to  the  diode.  The  method  chosen  is  shown  in  Fig.  3. 

The  packaged  diode  Is  mounted  between  the  top  wall  of  the  waveguide,  and  a section  of 
ridqed  guide  with  71  ohm  characteristic  impedance.  This  is  matched  to  the  waveguide 
impedance  by  a 4-step  Tchebyshev  transformer  at  each  end.  The  ridge  is  DU  isolated  from 
the  base  of  the  waveguide  by  a mylar  shim  .01mm  thick  and  hold  in  place  by  two  nylon 
screws.  It  in  important  to  keep  the  mylar  shim  as  thin  as  possible  in  order  to  prevent 
the  propogation  of  other  modes  under  the  ridge. 


Bias  is  applied  to  the  diode  via  this  ridge,  obviating  the  necessity  for  any  bias  filter, 
and  earth  contact  is  achieved  by  deforming  the  waveguide  above  the  diode.  The  deforma- 
tion is  of  the  order  of  only  .Or)mm,  and  does  not  impair  the  RF  performance.  The  maximum 
width  of  the  ridge  is  determined  by  the  Te^ . cut  off  frequency,  which  must  be  maintained 
higher  than  the  maximum  operating  frequency. 

This  construction  for  the  modulator  has  proven  both  mechanically  and  electrically  sound 
in  addition  to  being  very  reproducible. 

Fiq.  4 shows  the  construction  of  the  PIN  diode  used  in  the  fast  modulator.  It  consists 
of  a mesa  diode  utilising  an  inverse  PIN  structure  mounted  on  an  integral  copper  plate 
heat  sink,  similar  to  that  used  in  Impatt  diodes. 

The  Nf  layer  is  thinned  using  a spin  etch  process  after  the  heat  sink  has  been  plated. 

The  main  advantage  of  this  construction  is  the  reduction  of  the  R , and  consequently 
the  insertion  loss  of  the  diode  by  reducing  the  spreading  resistance  of  the  N layer. 

It  has  been  .proven  that  the  insertion  loss  of  a diode  manufactured  in  this  way  has  a ldll 
Improvement  at  10  OH z over  that  of  a conventional  PIN  diode  of  the  same  capacitance  and 
I region  thickness. 

The  performance  of  a modulator  incorporating  two  diodes  spaced  lA^apart  and  using  the 
techniques  just  described  is  shown  in  Fig.  5. 

The  switching  speed  from  10*  to  90*  of  the  detected  RF  pulse  is  less  than  1 nS,  although 
there  is  a delay  of  about  6 nS  from  50*  of  the,  TTL  input  to  10*  of  the  RF  pulse. 

This  modulator  was  incorporated  in  an  ASK  digital  data  link  operating  in  excess  of 
120  m. bits/second  with  a transmit  power  of  500  m. watts.  To  date,  no  problems  have  been 
encountered  with  reliability. 

It  is  possible  to  vary  the  centre  frequency  of  the  operating  band  by  vising  packages  with 
a different  stray  capacitance,  and  a modulator  operating  up  to  18  GHz  has  been  built. 

3.  O-BAND  MODULATOR 

The  techniques  employed  in  the  Q-band  modulator  have  also  been  used  for  an  O-band 
modulator  operating  at  60  Gllz.  However,  in  this  case,  it  was  not  possible  to  use 
packaged  diodes  because  of  the  constraints  of  physical  size. 

To  overcome  this  problem,  an  unpackaged  diode  was  mounted  on  top  of  the  ridge  adjacent 
to  a quartz  stand-off,  as  shown  in  Fig.  6.  A wide  bonding  strap,  tapered  at  one  end, 
was  used  to  achieve  the  inductance  necessary  to  resonate  the  capacitance  of  the  stand- 
off at  60  GHz. 

Mylar  windows  were  incorporated  at  each  end  of  the  waveguide  in  order  to  hermetically 
seal  the  unit.  Fig.  7 shows  the  performance  of  the  modulator,  which  had  less  than  IS  dB 
Insertion  loss,  and  greater  than  20  dB  isolation  over  a 6 GHz  band.  The  switching  speed 
of  the  device  was  less  than  1 nS. 

4.  Q-BAND  DHPI.RXKR 

Fig.  8 shows  a block  schematic  of  the  duplexer  which  is  of  a balanced  conf iqviration. 

Two  reflective  PIN  switches  are  mounted  between  two  3 dB  hybrid  counters.  Durinq  the 
transmit  period,  the  switches  are  Isolating  and  the  power  reflected  from  them  appears  at 
the  antenna.  During  the  receive  period,  the  switches  are  in  their  low  loss  state,  and 
the  transmitted  power  is  recombined  by  the  3 dB  hybrid  and  appears  at  the  receiver  port. 

Clearly,  since  the  transmitter  is  turned  off  during  the  receive  period,  the  switches  only 
have  to  handle  the  transmitter  power  in  the  isolation  state.  Tapered  transformers  are 
used  in  place  of  stepped  transformers  in  order  to  avoid  the  possibility  of  breakdown  on 
high  peak  powers.  In  addition  to  this,  the  wavegviide  is  pressurised  at  2 atmospheres. 

The  diode  in  this  application  is  a conventional  PIN  mesa  structure,  with  an  1 region 
thickness  of  120  microns.  The  surface  of  the  junction  is  passivated  with  a thermally 
grown  layer  of  silicon  dioxide.  An  insertion  loss  of  less  than  IS  dB's  and  an  isolation 
greater  than  20  dB's  over  a 4 GHz  band  at  35  GHz  was  achieved  for  the  switch. 

This  switch  has  been  tested  up  to  power  levels  of  20  kilowatts  peak,  and  100  nS  pulse 
width  in  its  isolation  state,  after  which  no  apparent  degradation  of  the  DC  character- 
istics of  the  diode  occurred. 

An  active  duplexer,  incorporating  two  of  these  switches,  has  yet  to  be  built,  but  work  is 
continuing. 
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DISCUSSION 


F.Fedi,  Italy 

I understand  your  pin  diode  modulator  may  work  around  30  or  f>0  till;  with  a hit  rate  of  about  I '5  Mbit  see  Vs 
in  communication  digital  systems  at  these  frequencies  140  Mbit  sec  is  usually  used,  do  \ ou  envisage  that  this  bit  rate 
may  be  reached  with  the  modulation  you  described? 

Author's  Reply 

lhese  modulators  can  be  operated  at  140  Mbits/sec  with  further  improvements  in  the  driver  unit  to  overcome  the 
driver  delay  l’his  delay  is  made  up  of  two  parts,  the  delay  through  the  driver  and  the  delay  due  to  the  carrier 
lifetime  ot  the  diode.  1 he  delay  due  to  the  carrier  lifetime  only  occurs  when  watching  front  forward  to  reverse  bias 
on  the  diode  thus  making  the  total  delay  non-syinmetrical.  It  is  this  asymmetry  which  limits  the  bit  rate  of  the 
present  modulations. 

H Brand.  b'RG 

How  long  is  the  delay  time  between  logic  pulse  anil  f-power  envelope’ 

Author's  Reply 

5 ns.  due  to  bias  capacitance,  carrier  life  time  and  a delay  through  the  driver. 
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ABSTRACT 


This  contribution  daala  with  both  AM  and  PM  pulse  modulators  for  millimeter 
waves  using  lumped  element  circuits.  A circuit  technique  will  be  described 
which  utilizes  evanescent  mode  resonators.  In  this  technique.  Inductance 
is  represented  by  short  sections  of  rectangular  waveguide  below  cutoff, 
capacitance  by  obstacles  in  the  waveguide,  such  as  capacitive  screw  or  a 
thin  sheet  of  dielectric.  The  diode  imbedding  is  assumed  to  be  a matching 
network.  By  applying  a new  mathematical  technique  known  as  matching  of  the 
hyperbolic  middle  point  of  the  pin-diode  impedances  a broader  band  perfor- 
mance has  been  achieved  compared  to  typical  bandwidths  of  phase  modulators 
in  the  Q-band  region.  The  160°  reflection  modulator  shows  12  o/o  bandwidth 
and  an  insertion  loss  below  0.7  dB.  The  AM-modulator  has  a bandwidth  exceeding 
3 o/o,  while  its  reflection  factor  in  the  foward  state  remains  below  0.3  dB, 
for  the  reverse  state  a factor  above  20  dB  has  been  realized.  A new  type  of 
transmission  modulator  with  a phase  shift  of  45°  has  also  been  developed  with 
two  diodes  switching  elements  having  an  insertion  loss  below  0.3  dB . 


1.  INTRODUCTION 


Modern  radio  links,  satellite,  radar,  phased  arrays  and  communication  systems 
in  the  millimeter  wave  region  make  extensive  use  of  fast  digital  phase  modu- 
lators and  switches.  As  has  widely  been  accepted  the  modulation  should  be 
performed  in  an  extra  modulator  rather  than  in  the  oscillator  itself.  Phase 
modulators  can  be  divided  into  two  main  categories:  the  reflection  type  and 
the  transmission  type.  Both  types  are  going  to  be  described  in  this  paper  and 
practical  examples  of  the  reflection  type  utilizing  pin-diodes  will  be  thoroughly 
elaborated. 

For  phased  arrays  applications  pin-diode  phase  modulators  pocess  important 
advantages  over  other  types  of  similar  millimeter  wave  devices;  these  are  light 
weight,  temperature  sensitivity,  repeatable  insertion  loss  and  phase  characte- 
ristics, simple  driver  requirements  and  high  switching  speed. 

The  basic  requirements  to  a phase  modulator  can  be  summarized  as  follows 
(SCHUENEMANN,  K.,  MUELLER,  J.,  DORSCHNER,  T.A.,  SPORLEDER,  F. , 1973): 

a)  The  amplitude  error  (l.e.  the  imbalance  in  the  reflection  coefficients  for 
the  two  states)  must  notexceed  3 o/o  in  order  not  to  degrade  the  demodulated 
signal  amplitude  by  more  than  0.3  dB. 

b)  The  phase  error  must  not  sceed  +40  for  the  same  reason. 

c)  The  switching  times  must  be  short  as  compared  to  the  pulse  width.  Here  again 
a switching  time  to  pulse  width  ratio  1:4  limits  the  degradation  of  the  demodu- 
lator output  signal  to  0.3  dB  as  compared  to  the  case  of  abrupt  switching. 

d)  The  insertion  loss  should  be  kept  as  low  as  possible. 

e)  The  modulator  bandwidth  (i.  e.  the  frequency  range  in  which  a given  maximum 
phase  and  amplitude  error  will  not  be  exceeded)  must  have  a particular  value 
normally  given  by  system  considerations. 

f)  The  transient  input  reflection  coefficient  trace  of  the  modulator  should  go 
through  the  matching  point  of  the  Smith-chart  in  order  not  to  degrade  the  system 
slgnal-to-noise  ratio.  In  the  case  of  a transient  reflection  coefficient,  whose 
magnitude  stays  constant,  some  extra  components  in  the  output  spectrum  of  the 
modulator  will  be  generated  which  can  lead  to  unwanted  portions  in  the  demodulator 
output  signal. 

It  is  however  not  an  easy  task  to  fulfil  all  these  requirements  simultaneously. 


2.  REFLECTION  PHASE  MODULATOR  AS  AN  IMPEDANCE  MATCHING  NETWORK  PROBLEM 


The  compromise  which  has  to  be  undergone  to  fulfil  the  requirements  on  a phase 
modulator  in  a PCM  communication  system  can  be  explained  by  thorough  examination 
of  the  relations  between  the  pin-diode  (nonlinear  element)  and  its  imbedding. 

Due  to  certain  nonideal  qualities  such  as  diode  losses,  finite  switching  times 
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and  package  parasitica  the  impedances  of  a pin-diode  in  foward  and  reversed 
state  differ  in  magnitude  and  an  180  degrees  phase  difference  between  the  two 
states  will  not  be  achieved. Therefore  the  diode  imbedding  must  simultaneously 
transform  the  two  diode  states  so  as  to  give  the  modulator  input  eaual  magni- 
tudes of  reflection  coefficients  and  the  desired  phase  difference  (usually  180 
degrees  for  a two  level  DCPSK,  Differentially  Coherent  Phase  Shift  Keying;.  In 
a case  of  a 180  degrees  modulator  it  will  be  shown  that  the  imbedding  network 
has  Just  to  match  the  hyperbolic  middle  point  of  the  diode  impedances  ( DORSCHNER, 
T.A.,  1973)  making  use  of  the  guidelines  of  hyperbolic  geometry. 

To  carry  out  the  transformation  successfully  the  modulator  will  be  assumed  to 
be  a lossless  linear  imbedding  of  a nonideal,  two-state  switching  element.  Let 
the  two  diode  states  be  represented  by  the  impedances  Z^  and  Z?  or  the  reflection 

coefficients  9i  and  Q?*  For  a lossless  imbedding  the  insertion  loss  of  the 

modulator  can  be  assumed  to  be  diode  losses.  These  losses  will  be  described  in 
this  context  by  the  quality  factor  Q Introduced  by  Kurokawa  and  Schlosser. 


2.1.  MATHEMATICAL  DEFINITIONS  OF  THE  HYPERBOLIC  GEOMETRY 


The  euclidian  geometry  and  the  hyperbolic  geometry  differ  from  one  another  only 
through  the  axiom  of  parallels.  Let  us  assume  a straight  line  with  a point  outside 
it.  In  the  euclidian  geometry  there  can  be  only  one  line  through  this  point 
parallel  to  the  already  existing  straight  line.  In  the  hyperbolic  geometry  on  the 
other  hand  there  is  an  infinite  number  of  such  parallel  lines.  These  complicated 
axioms  are  illustrated  in  Fig.  1.  The  hyperbolic  plane  lies  completely  within 
the  unit  circle  and  colnsldes  therefore  with  the  plane  of  the  smith-chart.  The 
relationship  between  the  euclidian  length  and  the  hyperbolic  length  of  a distance 
between  9»  0 and  9“  9i  can  be  expressed  in  the  following  equation: 


[o.9i]  - 

[o.9j. 


k«ln 


1+077$^ 

l“°«9i 


hyperbolic  length  between  the  two  points 


(2.1) 


37^  ! euclidian  length  between  the  same  two  points  as  above. 


k : a constant 

For  a special  case  when  O.g^  becomes  *1,  | 0,9-J  takes  the  values  of  ± infinity. 

This  means  that  the  borders  of  the  Smith-chart  coincide  with  infinite  points  of  the 
hyperbolic  geometry.  The  influence  of  the  constant  k is  shown  for  two  special  oases 
in  Fig.  1. : 

Case  1:  k - 1/2 

a)  a hyperbolic  straight  line  appears  here  also  as  a straight  line  in  the  euclidian 

sense . 

b)  Lengths  and  angles  can  be  measured  with  a protractor  (of  course  through  measure- 
ments and  calculations). 

c)  the  angles  are  not  euclidian. 

Case  2:  k » 1 

a)  a hyperbolic  straight  line  is  part  of  an  euclidian  circle. 

b)  the  hyperbolic  straight  line  meets  the  euclidian  unit  circle  at  right  angle. 

c)  the  angles  can  be  considered  euclidian. 

One  important  aspect  of  the  hyperbolic  geometry  being  applied  by  this  network 
matching  theory  is  the  congruency  of  two  triangles  when  the  corresponding  angles 
are  equal  in  magnitude. 


2.2.  QUALITY  FACTOR  OF  SWITCHING  DIODES 


A quality  factor  of  switching  diodes  (KUROKAWA,  K.f  SCHLOSSER,  W.O. , 1970)  is 
defined  by 


Q - 


I W ‘ 

^rl+r2^  +(xi“x2^ 
rl‘r2 


(2.2) 


where  Zj^  - Tj+JXj^ 


and  Z2  ■ r2+Jx2 

are  the  diode  impedances  in  the  two  states 


Taking  the  reflection  coefficients  into  consideration  the  same  quality  factor 
can  be  redefined  as 


(2.3) 


where 

and 


-I9J. 

9z-|92I* 


aJ<pi 

#J?2 


are  the  reflection  coefficients  in  the  two  states. 

The  introduction  of  this  quality  factor  has  various  advantages.  Q is  invariant 
to  lossless  imbeddings  (see  Fig.  2)  and  express  the  relationship  between  the 
losses  in  the  two  switching  states  of  the  diode  in  a way  which  shows  what 
tradeoff  exists  between  the  two  states  for  a particular  diode  configuration. 
Assuming  equal  losses  in  both  states  one  can  write: 


1 -|91|t  = l _|Q2|2  . 4(sin  |/Q)2  ( l/o/sin  */2)2+4  -2) 


(2.4) 

where  4 is  the  phase  shift  between  the  two  states. 

The  transformed  quality  factor  Q which  is  the  quality  factor  at  the  input  of  the 
matching  network  (Fig. 2a.)  can  be  easily  determined  through  network  analyzer 
measurements  in  form  of  the  reflection  coefficients  in  the  millimeter  wave  range. 
Therefore  making  use  of  the  simplified  diode  model  in  Fig.  2b. 


Q has  the  Form 


Q - 


urjC 


(2.5) 


which  gives  a simple  handy  formular  for  the  description  of  pin-diode  losses. 
C is  the  pin-diode  capacitance. 


2.3.  MATCHING  OF  THE  HYPERBOLIC  MIDDLE  POINT  FOR  A 180  DEGREES 

REFLECTION  PHASE  MODULATOR 


Zjhj  and  yM  are  the  hyperbolic  middle  point  of  the  diode  for  impedance  and 

reflection  coefficient  matching:  respectively.  Important  for  the  middle  point 
matching  are  the  relationships  9M  = f 8111(1  = f(zi»z2)*  Th*  figures 

3 and  4 show  the  process  of  the  transformation.  9^  , 9„  and  9M  or  2^  , Z0 
and  are  transformed  hyperbolic  values  respectively.  Segments  |9^  ■%}  and 

[9 2 ,9 (e.g.  refl.  coeff .case) have  equal  hyperbolic  lengths  and  subtend  an 
anfelenof  ISO  degrees  relative  to  9M  or  Since  lossless  bilinear  transfor- 
mations are  congruent  and  at  the  same  time  preserving  the  angle  and  distance 
relationships,  any  lossless  network  which  matches  9^TZj,j)  is  also  a 180  degrees 

modulator.  It  is  also  correct  to  say  the  matching  of  9M(2^)  is  a condition  for 

the  network  to  be  a 180  degrees  modulator.  Making  use  of  the  euclidian  law 
of  displacement  the  values  9^  = f(9^*92)  and  Z^  ■ f(Z^,Z2)  can  finally  be 

determined  mathematically  to  be: 


M 9x*(i_  |92|2)  +92*(i-  |9jJ  2) 
rM  " |/r1r2(l+(?i~)2 ) 


^ . (1-  |9x92|  2-  vii-iVzl  l2>+ V1- l9i l2) lz> 

(2.6  ) 
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^ and  9..,  are  the  congugate  complex  values  of  9^  and  90  respectively. 

The  hyperbolic  middle  point  Impedance  of  a pin-diode  is  known  to  be  a low  one 
having  values  in  the  region  of  10-303  for  millimeter  wave  applications.  It  is 
therefore  easier  to  match  the  middle  point  impedance  to  a 303  tranmission  line 
than  to  a 3003  transmission  line.  This  means  that  to  achieve  a reasonable 
standing  wave  ratio  the  impedance  seen  by  the  diode  has  to  be  in  the  region  of 
„ 103  to  30U. 

Based  on  the  hyperbolic  theory  it  has  herewith  been  shown  that,  for  a reflection 
i type  phase  modulator  the  network  between  the  diode  and  the  waveguide  can  be 
considered  as  a matching  network  facilitating  a more  optimal  design  criteria  for 
reflection  type  modulators. 


4.  DESCRIPTION  OF  THE  REFLECTION  PHASE  MODULATOR 


Many  versions  of  phase  modulators  have  been  designed,  but  none  of  these  designs 
have  exploited  the  full  bandwidth  possibilities  of  these  circuits.  Most  designs 
have  a maximum  bandwidth  of  barely  lo/o,  although  most  of  the  circuits  have  greater 
bandwidth  potential. 

The  bandwidths  and  maximum  phase  shifts  of  phase  modulators  have  been  limited  by 
resonance  effects  which  cause  notches  in  the  amplitude  response  and  large  errors 
in  the  phase  response.  By  eliminating  these  resonance  effects,  ultra-broad-band 
phase  modulators  with  large  amounts  of  phase  shifts  can  be  realized.  The 
contribution  to  be  presented  in  this  paper  deals  with  a new  type  of  reflection 
modulator  with  broadband  performance  in  the  millimeter  wave  region  utilizing 
lximped  element  circuit.  This  type  of  modulator  has  also  good  AM  qualities 
achieved  by  practical  tuning  facilities  which  will  also  be  discussed  in  the  later 
part  of  this  contribution. 

The  modulator  to  be  discussed  utilizes  evanescent  mode  technique  for  the  Q band 
range.  Fig. 3a.  shows  the  reflection  type  modulator.  The  pin-diode  D is  imbedded 
in  a below  cutoff  waveguide.  The  cutoff  frequency  of  the  evanescent  mode 
waveguide  lies  above  the  operating  frequency  of  the  modulator.  The  input  and 

output  coupling  over  a circulator  is  performed  through  the  propagating  waveguide 
W^.  The  two  waveguides  and  W„  are  coupled  to  each  other  by  a narrow  slot  in 

their  common  walls.  The  characteristic  features  of  the  circuit  which  is  being 
presented  here  is  not  a passive  resonance  circuit  in  the  conventional  sense, 
since  the  TE1Q-mode  stores  more  magnetic  than  electric  energy  by  operation 

below  the  cutoff  frequency  of  the  evanescent  mode  waveguide.  Resonance  is 
achieved  by  introduction  of  a nonlinear  device  which  is  designed  to  store  mainly 
electric  energy  and  thereby  establishing  the  necessary  balance  between  the  time 
average amounts  of  electric  and  magnetic  stored  energies.  The  resonance  structure 
can  be  assumed  to  be  in  the  immediate  surroundings  of  the  active  element 
(e.g.  pin-diode  ) being  used. 

To  ease  the  complications  involved  in  the  tuning  of  the  modulators,  additional 
resonators  have  to  be  introduced  in  the  below  cutoff  waveguide  by  means  of 
tuning  screws.  Creation  of  additional  resonators  enlarges  the  bandwidth  of  the 
modulator  in  a way,  which  Is  similar  to  the  method  of  reactance  compensation 
well  known  from  injection  locked  amplifiers  for  FM  signals.  The  resonant 
frequencies  for  the  realisation  of  this  network  have  to  be  chosen  in  such  a 
way  that  one  is  above  and  the  othe*'  below  the  resonant  frequency  of  the  diode 
imbedding. 

As  shown  in  Fig. 3a.  the  resonator  is  .lust  a thin  slice  of  waveguide  below  cutoff 
with  a capacitive  tuning  element  imuedded  in  it.  Fig. 3b.  shows  a photograph  of 
this  device.  The  modulator  network  can  therefore  be  modeled  by  the  equivalent 
circuit  of  Fig. 6.  The  network  consists  of  three  resonant  circuits:  the  pin- 
diode  Itself  and  the  two  tuning  screws  Si  and  S;?.  The  resonators  are  inductively 
coupled  to  one  another,  which  can  be  explained  by  well  known  inductive  characteristic 
of  cutoff  waveguides.  The  qoupling  strength  between  the  resonators  can  be 
controlled  by  suitably  choosing  the  distance  between  a screw  and  a diode.  The 
coupling  slot  in  the  common  wall  between  the  cutoff  waveguide  and  the  propagating 
waveguide  is  modelledby  a coupling  reactance  Zr  and  an  ideal  transformer  . 
Measurements  with  a network  analyzer  confirm  the  equivalent  circuit  of  Fig. 6. 

The  screws  have  a capacitive  behaviour  until  their  ends  touch  the  opposite  wall 
of  the  cutoff  waveguide.  If  so  they  then  become  inductive. 

The  equivalent  circuit  of  the  reflection  modulator  is  herewith  successfully  modelled 
for  practical  realization  of  the  modulator. 
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BASIC  FEATURES  OF  THE  REFLECTION  MODULATOR 


An  evanescent  mode  modulator  has  a significant  feature  of  broadband  performance, 
due  to  the  peculiar  character  of  this  network.  The  Individual  elements 
approximate  lumped  elements  in  a large  frequency  range.  One  can  practically 
assume  the  absence  of  capacitive  parasitic  elements  in  networks  realized  below 
cutoff.  There  is  no  periodic  relationship  between  reactance  and  frequency  as 
in  distributed  networks,  for  progressive  waves  are  not  supported  in  such  a 
structure.  In  order  to  see  the  relevance  of  these  features,  one  has  to 
consider  a 180  degrees  reflection  phase  modulator  as  a circuit,  which  has  to 
match  the  hyperbolic  middle  point  of  the  two  impedance  states  of  the  pin-diode 
to  the  line  Impedance  as  has  already  been  explained  in  chapter  3.  Because  of  the 
lumped  element  character  of  the  circuit  any  impedance  transformation,  which 
must  be  performed  is  hence  a broadband  one. 

Another  advantage  of  the  technique  is  that  a given  equivalent  circuit  can  be 
realized  without  Introducing  parasitic  elements  of  capacitive  character  into 
the  set  up,  because  generally  in  an  evanescent  mode  structure,  all  types  of 
discontinuities  with  the  exception  of  screws  and  thin  sheets  of  dielectric 
behave  like  inductances  ( SCHUENEMANN , K . , KNOECHEL,R. , BEGEMANN.G. , 1977  ). 

The  only  parasitic  elements  present  are  of  inductive  character.  Hence  their 
effect  can  entirely  be  included  in  the  resultant  inductance  of  the  cutoff 
waveguide.  The  situation  is  quite  different  in  normal  waveguide  technique. 

Here  a circuit  realization  introduces  a lot  of  inductive  and  capacitive  parasitic 
elements,  whicn  strongly  limit  the  electrical  performance. 

Based  on  the  facts  that  the  structure  has  lumped  element  character  and  the  lack 
of  parasitic  elements,  the  modulator  can  adequately  be  described  by  the 
equivalent  circuit  shown  in  Fig. 6.  underlining  its  broadband  performance. 

Further  advantages  of  the  technique  are  small  circuit  losses  and  a substantial 
reduction  in  size,  weight  and  cost  of  both  passive  and  active  components. 


6.  FILTER  TRANSMISSION  TYPE  PHASE  MODULATOR 


The  types  of  transmission  phase  modulators  so  far  known  are  the  loaded  line, 
the  high-low  pass  and  the  switched  line  phase  shifters.  The  one  now  going  to  be 
described  is  a new  type  making  use  of  the  typical  qualities  of  a bandpass  filter. 
While  the  phase  shifters  mentioned  above  can  be  limited  to  low  impedance  net- 
works for  large  phase  shifts,  the  filter  type  can  be  applied  for  any  line 
impedance  values. 


6.1. 


QUALITIES  OF  A FILTER 


It  is  generally  known  that  every  filter  has  got  not  only  insertion  loss  but  elso 
a phase  shift  of  the  output  signal  relative  to  the  input  signal.  Making  use  of 
the  [ABCD]  -Matrix  and  values  based  on  Fig. 7.  the  insertion  loss  and  the  phase 
shift  of  a bandpass  filter  consisting  of  two  resonators  are  expressed  by  the 
following  equations: 
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Within  the  3d3-bandwidth  for  example  of  a maximally  flat  bandpass  filter  the  phase 
Is  directly  proportional  to  the  frequency.  At  greater  distances  of  the  frequency 
from  the  center  frequency  of  the  filter  the  phase  takes  the  value  of  I nx/2, 
whereby  n Is  the  number  of  resonators  of  the  filter.  So  long  as  operation  is 
within  the  passband  of  the  filter,  the  phase-frequency  relationship  can  be 
assumed  to  be  linear.  This  important  quality  of  a bandpass  filter  is  made  use 
of  to  realize  a transmission  type  phase  modulator.  Fig.  7b,c.  show  the 
insertion  loss  and  phase  of  a bandpass  filter.  A maximally  flat  filter  has  been 
taken  here  as  example  because  calculations  have  shown  that  for  our  purpose 
and  frequency  range  and  taking  evanescent  mode  technique  into  consideration 
only  such  type  of  filter  can  be  theoretically  realized  with  two  resonators 
as  in  Fig. 7a  . 


6.2.  FILTER  AS  A PHASE  MODULATOR 


One  shall  assume  the  curves  ai  to  be  the  original  characteristics  of  the 
bandpass  filter  (Flg.7b,c.).  The  capacitances  of  the  resonators  JX^  and  JX2 

are  then  multiplied  by  a common  factor  a (switching  factor)  meaning  C1 
becomes  aC^  while  C2  becomes  aCg.  fQ  is  the  center  frequency  of  the  curves 
a^.  Due  to  the  switching  factor  a the  center  frequency  changes  giving  the 
new  curves  a2.  For  certain  values  of  o the  phase  relationship  to  the 
frequency  within  the  3dB-bandwidth  of  a^  remains  linear.  This  switching 
between  (C^, C2)  and  (oC^.aCj)  creates  the  phase  shift  Apf  which  remains 

constant  over  a reasonable  range,  in  other  words  we  then  have  a type  of 
transmission  modulator  with  the  phase  shift  a/  as  shown  in  Fig. 7b, c. 

In  the  case  of  the  maximally  flat  bandpass  behaviour  the  center  frequency 
of  the  phase  modulator  can  be  calculated  by  equating  the  insertion  loss  for 
the  two  states  and  a2.  In  the  case  of  a Tchebyscheff  filter  the  relationships 

are  somewhat  more  complicated.  Anyway  the  phase  shift  is  directly  proportional 

to  n and  also  to  the  frequency  within  the  passband.  This  means  that,  to 
realize  phase  shifts  of  45  degrees  and  more  with  broadband  performance  , n should  be 
made  greater  than  2. 


6.3.  DESCRIPTION  OF  THE  MODULATOR  AND  THEORETICAL  AND  PRACTICAL  RESULTS 


The  outline  of  the  45  degrees  transmission  phase  modulator  which  is  now  going  to 
be  described  consists  of  two  evanescent  mode  resonators,  utilizing  varactors  or 
pin-diodes  as  switching  elements.  The  transmission  modulator  and  its  equivalent 
network  is  illustrated  in  Fig. 8.  D^  and  D2  are  diodes  imbedded  in  a cutoff 

waveguide  W0  and  coupled  to  one  another  by  a piece  of  waveguide  with  the  length 

12.  From  the  propagating  waveguide  W,  the  signal  is  coupled  in  and  out  of  the 
modulator.  The  Junctions  between  the-1  cutoff  and  the  propagating  waveguides 
can  be  described  by  ideal  transformers  with  parallel  inductances  (Fig. 8a, b.). 
Fig. 8c.  shows  the  equivalent  circuit  of  the  transmission  modulator  in  evanescent 
mode  technique  after  a straight  forward  reduction  of  the  network  of  Fig. 8b. 

The  modulator  has  theoretically  a phase  shift  of  45  degrees  by  a switching 
factor  a«1.112  . Fig. 9.  shows  the  input  reflection  coefficient  and  the 
phase  shift  Apf  of  the  modulator  at  Q-band.  Within  the  phase  band- 
width of  3o/o  is  the  phase  deviation  from  a^=45  degrees  less  than  +1  degree. 

The  reflection  coefficient  of  the  modulator  within  ly  is  less  than  0.3,  which 
means  an  insertion  loss  of  less  than  0.4  dB. 

For  a practical  check  of  the  modulator  a filter  has  been  realized  in  evanescent 
mode  technique  with  a center  frequency  of  30  GHz  with  screws  instead  of  diodes 
as  tuning  elements.  The  results  are  shown  in  Fig. 10.  The  curves  b^  and  b? 

represent  the  insertion  loss  and  the  phase  for  two  different  tuned  states  of 
the  screws.  Fig. 10.  shows  the  insertion  loss  and  the  phase  of  the  simulated 


modulator  to  ba  similar  to  the  theoretically  predicted  values  of  Flg.u.,  except 
that  the  Insertion  loss  is  about  0.4  dB  over  a frequency  range  where  the  phase 
shift  is  about  45  degrees. 

Work  is  in  progress  to  replace  the  screws  by  varactors  and  pin-diodes  respectively. 
First  measurements  show  encouraging  results. 


7.  MEASUREMENTS  OF  REFLECTION  COEFFICIENTS  UTILIZING  A NETWORK  ANALYZER 

Measurements  of  the  reflection  coefficients  and  the  phase  shift  of  a modulator 
have  been  a tedious  task.  The  method  so  far  used  in  practice,  which  is  a 
laborious  one,  utilizes  an  impedance  normal  in  connection  with  a magic  T. 

There  is  no  means  of  observing  the  curves  during  the  tuning  process.  It  is 
therefore  a time  spending  factor  to  get  a reflection  modulator  tuned  and  its 
bandwidth  properly  accessed.  The  method  to  be  described  now  eases  the  whole 
tuning  process.  The  measuring  technique  is  more  accurate  and  much  quicker  than 
the  former  method,  because  here  the  desired  values  can  be  seen  displayed  on 
a screen  all  through  the  tuning  process. 

Fig. 11.  shows  the  set  up  for  the  reflection  measurements.  The  reflection  modulator 
is  driven  by  a low  frequency  sinus  or  square  wave  generator,  while  the  sweep 
oscillator  is  swept  over  the  required  frequency  range  at  a speed  which  is  much 
slower  than  the  speed  at  which  the  modulator  switches.  In  so  doing  the  amplitudes 
and  phases  of  the  reflection  coefficient  for  the  two  states  of  the  modulator 
are  simultaneously  displayed  on  the  screen  of  a two  trace  oscilloscope,  connected 
to  the  network  analyzer.  These  values  can  also  be  recorded  on  paper  utilizing 
an  X-Y  recorder.  This  tuning  method  makes  it  possible  to  examine  the  broadband 
behaviour  of  the  modulator. 

By  the  method  discussed  above  , the  reflection  coefficients  and  the  phase  shift  of 
the  reflection  phase  modulator  have  been  conveniently  and  successfully  measured. 
The  same  method  has  been  used  to  tune  the  reflection  type  modulator  for  AM 
applications.  To  this  purpose  one  of  the  states  of  the  reflection  phase  modulator 
has  to  be  matched  to  the  impedance  of  the  input  line. 


3.  RESULTS 


Utilizing  the  theory  of  evanescent  mode  resonators  and  the  measuring  method  described 
above,  a reflection  type  phase  modulator  for  both  AM  and  PM  transmission  techniques 
has  been  developed. 

The  180  degrees  reflection  modulator  shows  broadband  performances  the  bandwidth 
amounted  to  l?o/o  for  an  insertion  loss  of  0.5  dB  at  a midband  frequency  of  54  GHz. 
Phase  shift  error  Ajj  and  imbalance  AR  of  the  reflection  coefficients  are  illustrated 
in  Fig. 1? . 

In  the  case  of  the  AM  modulator  a bandwidth  of  3o/o  by  a midband  frequency  of  3?. 5 GH 
has  been  achieved.  In  the  forward  state  the  losses  lie  below  0.5  dB  while  in  the 
reversed  state  a value  above  20  dB  has  been  realized  (see  Fig. 13.). 

The  switching  time  for  both  the  reflection  phase  modulator  and  the  AM  modulator 
is  about  1 ns  for  pin-diodes  made  in  the  Tnstitut  filr  Hochfrequenztechnik  of  the 
Technische  UnlversitHt  Braunschweig. 


Q.  CONCLUSIONS 


The  modulators  presented  in  this  paper  utilize  evanescent  mode  resonators.  In  this 
technique,  Inductance  is  represented  by  short  sections  of  rectangular  waveguide 
below  cutoff  and  capaclrance  by  obstacles  in  the  waveguide.  The  individual  elements 
approximate  lumped  elements  in  a large  frequency  range.  Any  impedance  transformation 
has  a broadband  performance.  Both  AM  and  PM  modulators  have  been  realized  in 
waveguide  below  cutofftechnlque  working  at  Q band  frequencies.  Varactors  and  pin- 
diodes  have  been  used  as  switching  elements.  Design  criteria  and  performance  data 
have  been  given  for  an  AM  modulator,  a 180  degrees  reflection  type  and  a 45  degrees 
transmission  type  phase  modulator.  The  bandwidth  of  the  reflection  modulators  have 
been  generally  limited  to  lo/o  till  now.  The  one  described  here  presents  a broader 
band  performance  namely  up  to  l?o/o  compared  to  hitherto  known  modulators. 

Summarizing  therefore  evanescent  mode  technique  is  well  qualified  for  Integrated 
circuit  application  in  the  millimeter  wave  range.  Finally  the  technique  described 
in  this  paper  involves  small  circuit  losses  and  substantial  reduction  in  size, 
weight  and  costs. 
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SUMMARY 


Future  millimeter  wavelength  radar  and  communication  systems  will  require  phase  control  components.  Many 
will  require  the  use  of  phased  array  antennas.  In  this  paper,  the  state-of-the-art  for  two  classes  of 
ferrite  phase  shifters  is  discussed.  TWo  development  efforts  are  described  which  promise  to  improve  the 
performance  and  reduce  the  cost  of  millimeter  wavelength  phase  shifters.  One  program  is  concerned  with 
the  arc  plasma  spray  (APS)  process  for  fabricating  ferrite  toroids.  Data  for  experiments  at  35  GHz, 

65  GHz,  and  94  GHz  are  presented.  The  second  program  describes  efforts  to  obtain  nonreciprocal  phase 
control  elements  which  exhibit  full  waveguide  bandwldths.  Design  and  test  data  for  a 26.5-40  GHz  phase 
shifter  is  presented. 

1.  INTRODUCTION 

High  performance  millimeter  wavelength  phase  shifters  are  needed  in  switching  and  control  circuitry  for 
future  millimeter  wave  systems.  Many  applications  require  electronically  scanned  phased  array  antennas 
utilizing  a phase  shifter  for  each  radiating  element.  At  frequencies  above  20  GHz,  diode  phase  shifters 
become  quite  lossy.  Thus,  fast  switching  latching,  reciprocal  or  latching  nonreciprocal  phase  shifters 
(phasers)  represent  the  present  candidate  phase  control  element.  In  this  paper,  the  state-of-the-art  for 
these  two  classes  of  phase  shifters  is  discussed.  (BABBITT,  R.W.,  1978),  (WHICKER,  L.R. , 1974), 

(WHICKER,  L.R.,  1973)  The  relative  characteristics  of  both  classes  are  compared  for  use  In  the  30-300  GHz 
frequency  region. 

In  addition  to  the  discussion  of  the  present  state-of-the-art  for  millimeter  phase  shifters,  two  new 
developments  are  described  which  promise  to  improve  the  performance  and  reduce  the  cost  of  millimeter 
wavelength  phase  shifters.  The  first  program  is  being  conducted  at  the  U.S.Army  Electronics  Technology 
Laboratory  and  is  concerned  with  fabrication  techniques  of  millimeter  wavelength  phase  shifters.  The 
second  program  is  being  conducted  at  the  Naval  Research  Laboratory.  Here,  emphasis  is  being  placed  on 
obtaining  broadband  operation  of  millimeter  phase  shifters. 

2.  STATE  OF  THE  PHASE  SHIFTER  ART  AT  MILLIMETER  WAVELENGTHS 

2.1  The  Toroidal  Nonreciprocal  Phaser 

Work  on  the  toroidal,  nonreciprocal  phaser  has  been  underway  in  the  United  States  since  early  in  1963. 
(TREUHAFT,  M.A.,  1958),  (KEMPIC,  J.A.,  1965),  (WHICKER,  L.R.,  1966)  The  basic  operating  mechanism  of  this 
type  of  phaser  is  reviewed  In  Figure  1.  Figure  1(a)  shows  the  ferrimagnetic  toroid  centered  in  either  a 
standard  or  reduced  width  waveguide.  Figures  1(b)  and  1(c)  review  the  two  types  of  construction  which 
are  normally  utilized.  Computer  programs  are  utilized  to  optimize  the  phaser  designs  at  center  frequencies 
ranging  from  about  3 to  35  GH.  In  designing  such  phasers,  it  is  desirable  to  select  a ferrimagnetic 
material  such  that  a fixed  ratio  of  remanent  flux  density  to  operating  frequency  is  maintained.  However, 
at  frequencies  above  about  35  GHz,  this  cannot  be  done.  The  choice  then  is  to  use  materials  having  the 
largest  possible  saturation  magnetization  while  maintaining  a good  squareness  ratio.  Nickel  zinc  ferrites 
and  lithium  zinc  ferrites  offer  the  highest  available  saturation  moment  of  about  5,000  gauss. 

In  1966,  Stern  and  Agrios  (STERN,  R.A.,  1966)  reported  on  a 35  GHz  high  power  switch  using  90°  phase 
shifter  elements.  A similar  geometry  was  used  in  1967  by  Whicker,  Degenford  and  Wantuch  (WHICKER,  L.R., 
1967)  (WANTUCH,  E.,  1969)  in  investigating  phase  shifters  in  the  35-94  GHz  region.  The  geometries  used 
in  35  GHz  and  75  GHz  designs  are  shown  in  Figure  2.  Phase  shift  data  obtained  using  two  Nickel  Zinc 
materials  are  shown  in  Figures  3-4.  Several  35  GHz  phasers  were  subsequently  fabricated.  Phase  shifter 
properties  for  35  GHz  units  and  for  a 75  GHz  experimental  unit  are  listed  in  Table  I.  It  should  be  noted 
that  because  of  severe  tolerances  and  machining  capability,  the  data  listed  in  Figure  4 is  not  for  a 
truly  optimized  75  GHz  phaser.  In  following  sections  of  this  paper,  new  methods  to  eliminate  these 
fabrications  using  the  Arc  Plasma  Spray  Technique  will  be  described. 


TABLE  1 

NONRECIPROCAL  PHASE  SHIFTER  PERFORMANCE 


■ tc-  —| 

BANDWIDTH 

34.5  GHz 

34  - 35  GHz 

75.5  GHz 

74  - 77  GHz 

Insertion  Loss: 

1.5  dB 

...  ■ ■ - ■ 

3.5  - 4.0  dB 

VSWR: 

< 1.25 

< 1.25 

Switching: 

3 Bit  or  Flux 
Transfer 

3 Bit  or  Flux 
Transfer 

Length: 

3 Inches 

4 inches 

Since  1967  some  improvement  in  materials  and  fabrication  techniques  have  been  made.  Figure  5 is  a photo- 
graph of  a state-of-the-art  nonreciprocal  phaser  which  operates  over  the  43-45  GHz  band.  Data  for  this 


unit  la  given  In  Table  11.  The  photograph  and  data  have  been  furnished  courtesy  of  Electromagnetic 
Sciences,  tnc. 


TABLE  l l 

DATA  FOR  STATE  OF  THE  ART  M1LL1«TCR  WAVE  NONREC 1 PROCAL  PHASE  SHIFTER 
(EMS  MODEL  339A-1) 


FREQUENCY  RANGE: 

43-45  CH* 

INSERTION  LOSS: 

1.25  dB  max.  (1.1  dB  typical! 

INPUT  VSWR: 

1.20:1  Mu. 

PHASE  SHUT  AVAILABLE: 

(X>  - 360°  in  continuous  steps 

PHASE  CONTROL: 

Either  analogue  (variable  pulse  width 

or  variable 

pulse  height)  or  digital  (series  or 
inputs  available. 

parallel) 

SWITCHING  TlhC: 

2 microseconds  max. 

AMBIENT  TEMPERATURE  RANGE: 
DlfCNSIONS 

0"  - +40°C 

MICROWAVE  HOUSING: 

0.75"  x 0.75"  x 1.5"  long 

ELECTRONIC  CIRCUITRY: 

1-3/4'*  x 2"  x 1/2"  (approximate  depending  upon 
driver  interface) 

WEIGHT: 

2.5  oz. 

_ 1 

2.2  The  Dual  Mode  Reciprocal  Phaser 

In  looking  for  a phaser  geometry  which  might  be  less  tolerance  sensitive  than  the  toroidal  type,  the  dual 
mode  reciprocal  phaser  is  considered  to  be  a good  candidate.  A test  phaser  has  been  fabricated  (WHICKER, 
L.R.,  197 11  with  a center  frequency  of  35  GHz.  The  phaser  design  is  shown  in  Figure  6.  The  basic  concept 
is  shown  schematically  in  Figure  6(a).  Here,  linearly  polarised  energy  in  rectangular  waveguide  is  passed 
through  nonreciprocal  polarisers  and  is  converted  to  either  left  or  right  circular  polarised  energy  in 
quadrantally  symmetric  waveguide,  phase  shifted  and  reconverted  to  linear  polarisation  in  rectangular  wave- 
guide. As  indicated  in  the  figure,  a metal  fixture-housing  is  used  which  provides  access  to  the  phaser 
for  tuning  of  the  nonreciprocal  polarisers. 


Phase  shift  data  for  the  35  GHs  unit  are  given  in  Figure  7.  The  other  performance  parameters  for  the 
phaser  unit  are  as  follows: 


Bandwidth 
Insertion  Loss 
VSWR 
Length 


34  - 36  GHs 

< 2.2  dB 

< 1.3 

< 2 inches 


Other  than  precision  grinding  of  the  ferrite  rod  which  forms  the  body  of  the  phaser  element,  only  standard 
tolerance  parts  have  been  used.  Computer  computat ional  techniques  have  been  used  in  designing  and  pre- 
dicting the  performance  of  this  unit. 


In  addition  to  the  35  GHs  phaser  design,  computer  designs  for  phasers  centered  at  55  and  95  GHs  have  been 
prepared.  The  predicted  loss  characteristics  for  these  phasers  are  summarized  in  Table  111.  It  is 
interesting  to  note  that  for  the  material  used  in  the  calculations  dielectric  losses  predominate  at  the 
higher  frequencies.  In  general,  the  dual  mode  phaser  appears  well  suited  for  use  above  35  GHs.  Loss  re- 
strictions rather  than  tolerance  problems  are  expected  to  provide  an  upper  frequency  bound  for  use  of  this 
phaser.  Further  calculations  and  evaluations  are  required  to  find  ferrimagnetic  materials  with  lower 
dielectric  loss  tangents. 


TABLE  III 


CALCULATED  LOSS  FOR  DUAL-MODE  PHASERS 


FREQ. 

COND . LOSS 

01EL. LOSS 

MAG. LOSS 

TOTAL  LOSS 

(GHt) 

(dB) 

(dB! 

(dB) 

(dB' 

33.0 

.647742 

.671986 

.455419 

1.775147 

X DO 

34.0 

.617772 

.680227 

.422221 

1.720220 

^ < 

35.0 

.591495 

.689347 

.392912 

1.673754 

36.0 

.568277 

.699191 

.366848 

1.616875 

37.0 

.547628 

.715052 

.332770 

1.585960 

50.0 

1.010916 

.996375 

.224717 

2.232006 

N OC 

52.0 

.946206 

1.010553 

.202189 

2.158951 

5 In 

54.0 

.892059 

1.027143 

.183219 

2.102711 

£ ^ 

56.0 

.846123 

1.046387 

.167035 

2.059543 

58.0 

.806b98 

1.066971 

.153073 

2.026749 

60.0 

.772529 

1.088862 

.140919 

2.002315 

90.0 

1.583211 

1.749832 

. 066403 

3.399442 

92.0 

1.531693 

1.766884 

.062749 

3.361328 

N OC 

94.0 

1.484813 

1.785147 

.059417 

3.329370 

g K 

96.0 

1.441991 

1.804462 

.056367 

3.302827 

«r»  x 

98.0 

1.402732 

1.824697 

.053565 

3.280996 

100.0 

1.366624 

1.845743 

.050983 

3.263345 

3.0  A NEW  TECHNIQUE  FOR  FABRICATING  MILLIMETER  WAVE  LENGTH  PHASERS 

In  ordar  to  alleviate  many  of  the  fabrication  problems  associated  with  the  nonreciprocal  phaser  at  milli- 
meter wavelengths  a novel  arc  plasma  spray  (APS)  process  has  been  developed  at  the  U . S . Army  Electronic 
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Technology  Laboratory.  This  technique  offers  great  potential  for  cost-effective,  high  performance  com- 
ponents at  frequencies  up  to  94  GHz  or  higher.  (BABBITT,  R.W.,  1978).  Moreover,  this  technique  may  be 
suitable  for  fabricating  Integrated  array  structures  containing  several  phaser  elements. 

3.1  APS  Fabrication  Procedure 

Figure  8 repeats  the  sketch  of  the  basic  structure  of  a nonreciprocal  latching  ferrite  phase  shifter.  As 
Indicated  earlier  the  ferrite  toroid  geometry  with  dielectric  loading  presents  a serious  fabrication  prob- 
lem for  operating  frequencies  above  35  GHz.  To  obtain  good  electrical  performance  r ,r  voids  both  at  the 
ferrite-dielectric  Interface  and  at  the  ferrlte-wavegulde  wall  must  be  minimized,  nlr  gaps  or  voids  tend 
to  launch  unwanted  waveguide  modes  and/or  surface  wave  inodes  which  result  In  poor  electrical  performance. 

For  frequencies  above  35  GHz  the  toroid's  small  size  and  critical  tolerances  lead  to  high  costs. 

The  APS  process  eliminates  many  of  these  problems.  In  this  process  a ferrite  powder  is  deposited  around 
a dielectric  Insert.  The  desired  dielectrically  loaded  toroid  Is  formed  in  this  manner.  The  process 
yields  a toroid  with  Intimate  contact  between  the  ferrite  and  the  dielectric.  The  outer  dimensions  of  the 
toroid  are  machined  to  the  required  tolerance. 

3.2  Experimental  Phasers 

A lithium  zinc  ferrite  povder  has  been  selected  for  spraying  millimeter  phaser  toroids.  This  material 
has  been  selected  since  the  material  composition  can  be  tailored  to  exhibit  saturation  magnetizations  up 
to  5000  gauss.  The  hysteresis  loops  of  these  materials  exhibit  good  squareness  ratios.  In  preparing 
the  toroids,  a lithium  titanate  ( €r  - 26)  core  material  is  used  about  which  the  lithium  zinc  ferrite 
powder  Is  arc  plasma  sprayed.  This  particular  dielectric  material  has  been  used  since  its  relatively 
high  dielectric  constant  concentrates  the  rf  energy  In  the  toroid  leading  to  large  differential  phase 
shifts.  • Secondly,  the  thermal  coefficient  of  expansion  of  this  dielectric  matches  that  of  the  ferrite 
thereby  minimizing  stresses  and  cracks  In  the  prepared  toroid. 

Figure  9 gives  the  cross-sectional  schematic  of  the  basic  phaser-test  fixture  configuration  used  at  35, 

65,  and  94  GHz.  Each  waveguide  housing  has  been  designed  to  be  slightly  undersized  0.001  inch  (.003  cm)] 
and  fitted  with  a spring-loaded  top  wall  to  ensure  a secure  toroid  fit  In  the  housing.  Figure  10  is  a 
photograph  of  the  toroids.  The  small  hole,  for  the  latching  conductor  in  the  toroids  has  been  formed  by 
bonding  a strip  of  boron  nitride  to  the  dielectric  core  material.  The  boron  nitride  remains  intact  during 
the  APS  operation  but  sublimes  during  the  toroid  anneal  cycle,  leaving  a hole  for  inserting  the  switching 
conduc  tor . 

3.3  Test  Results 

Phase  shifters  operating  in  each  of  the  three  frequency  bands  of  Interest  have  been  evaluated.  The  in- 
ternal structure  of  each  of  these  phasers  is  shown  in  Figure  11. 

Figure  12  Indicates  the  Insertion  loss  and  reflection  loss  of  a 35  GHz  unit  utilizing  a 1.35  Inch  (3.43  cm) 
APS  toroid  sample.  This  unit  yields  less  than  0.7  dB  insertion  loss  over  a 0.6  GHz  bandwidth  exhibiting 
422°  of  differential  phase  shift  (i.e.,  figure  of  merit  ■ 649°/ dB) . Data  on  a 65  GHz  phaser  [APS  toroid 
length  • 0.31  inch  (0.8  cm)]  is  shown  in  Figure  13.  The  Insertion  loss  as  shown  Is  less  than  0.9  dB  over 
a 1 GHz  bandwidth  while  the  differential  phase  shift  is  87°  (i.e.,  figure  of  merit  “ 97°/dB) . Beth  of 
these  units  exhibit  reflection  loss  > 18  dB  (i.e.,  VSWR  < 1.3:1)  over  the  designated  bandwidths.  Pre- 
liminary data  on  a 94  GHz  phaser  indicates  a nominal  insertion  loss  of  1.5  dB  over  a 1 GHz  bandwidth  as 
shown  in  Figure  14  when  using  a 0.25  inch  (.64  cm)  length  APS  toroid.  The  reflection  loss  of  this  unit 
is  > 16  dB  and  the  differential  phase  shift  measured  was  found  to  be  38°.  Switching  time  less  than 
lusec  are  possible  with  each  of  these  three  devices. 

A computer  program  has  been  used  to  predict  the  theoretical  phase  shift  which  could  be  expected  for 
various  phaser  design  parameters.  The  test  results  agree  reasonably  well  with  that  of  the  theoretical 
predictions. 

The  insertion  loss  of  each  of  these  phasers  could  be  further  reduced  through  the  use  of  a lower  loss  di- 
electric loading  material.  The  lithium  zinc  presently  being  used  exhibits  a dielectric  loss  tangent  of 
< .0025.  Loss  measurements  made  at  millimeter  wavelengths  indicate  a significant  amount  of  loss 
contributed  by  this  dielectric,  particularly  at  the  higher  frequencies  (65  GHz  and  94  GHz)  where  the 
dielectric  material  represents  a greater  proportion  of  the  phaser  cross-section.  Further  improvement  in 
lithium  zinc  ferrite  powders  and  APS  techniques  will  result  in  improved  figures  of  merit  for  these 
millimeter  phasers. 

4,0  BROADBANDING  STUDIES  ON  MILLIMETER  WAVELENGTH  PHASERS 

While  efforts  at  the  U.S.Army  Electronics  Technology  Laboratory  have  been  addressing  fabrication  problems 
for  millimeter  wavelength  phasers,  efforts  at  the  Naval  Research  Laboratory  have  centered  on  obtaining 
full  waveguide  bandwidth  operation  of  the  basic  nonreciprocal  toroidal  phaser.  Present  experiments  have 
centered  on  the  realization  of  a fast  switching  phaser  to  operate  over  the  26-40  GHz  band. 

Computer  computational  techniques  have  been  utilized  to  investigate  the  bandwidth  characteristics  for 
candidate  geometries.  Figure  15  gives  typical  plots  of  phase  shift  activity  as  a function  of  dielectric 
loading  within  the  toroid  slot  for  a particular  geometry.  Figure  16  shows  typical  phase  shift  variation 
which  may  be  obtained  using  a fixed  dielectric  loading  and  slot  width  (Zy  - 16,  T ■ 0.015  inches  (0.04  cm)). 
Similar  calculations  have  been  performed  for  several  waveguide  widths  (A). 


In  general,  large  waveguide  widths  result  in  low  insertion  loss  but  allow  for  propagation  of  some  higher 
order  modes  with  corresponding  insertion  loss  spikes.  Using  a reduced  waveguide  width  results  in  higher 
nominal  insertion  loss  but  tends  to  eliminate  or  minimize  modlng  effects.  As  a design  compromise  the 
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following  dimensions  for  the  phaser  cross  section  have  been  utilised: 


WAVEGUIDE  HEIGHT  (B) 
WAVEGUIDE  WIDTH  (A) 
TOROID  WIDTH  (W) 
TOROID  SLOT  WIDTH  (T> 
CENTER  LOADING 


0.140  Inches  (0.36  cm) 
0.160  inches  (0.41  cm) 
0.054  inches  (0.14  cm) 
0.015  inches  (0.04  cm) 

c - 16 
r 


Data  measured  for  the  experimental  phaser  ar d shown  in  Figure  17.  Figure  17(a)  shows  insertion  loss 
measured  across  the  26.5-40  GH*  frequency  raftge.  Some  insertion  loss  spikes  are  present  at  the  higher 
frequencies.  Figure  17(b)  gives  the  measured  return  loss  of  12  dB  or  better  across  the  frequency  band. 
IHree  step  matching  transformers  are  used.  Figure  17(c)  Indicates  the  rather  flat  phase  shift  character- 
istics which  have  been  obtained.  A photograph  of  the  experimental  phaser  is  shown  in  Figure  18. 


The  work  thus  far  conducted  has  utilized  conventional  fabrication  techniques.  Further  experiments  are 
required  to  combine  the  demonstrated  broadbanding  techniques  with  the  APS  fabrication  process.  Ibe  APS 
fabrication  will  be  essential  to  the  realisation  of  broadband  phasers  in  higher  frequency  bands. 


5.  CONCLUSIONS 


In  this  paper  the  present  state-of-the-art  for  ferrite  phasers  to  operate  at  millimeter  wavelengths  have 
been  reviewed.  Two  programs--one  dealing  with  the  Arc  Plasma  Sprayir.g  technique  for  fabricating  phasers 
and  one  dealing  with  broadbanding  studies  have  been  described. 

It  is  believed  that  the  Arc  Plasma  Spray  Technique  can  be  a valuable  tool  in  realizing  millimeter  wave- 
length control  components.  Some  areas  which  require  additional  experiments  include: 

• fabrication  of  broadband  nonreciprocal  phasers. 

• fabrication  of  reciprocal  dual  mode  phasers. 

• fabrication  of  other  phaser  geometries  such  as  the  two  toroid  design  (STERN,  R. A., 1968). 

• fabrication  of  i i^grated  assemblies  containing  several  phase  shifter  elements. 

• tradeoff  studies  and  experiments  to  evaluate  the  reciprocal  versus  nonreciprocal 

phaser  geometries  at  60  and  94  GHz. 
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Fig. 18  Open  View  of  26.5-40  GHi  Phaser 


DISCUSSION 


J.Snieder.  Netherlands 

( I ) Is  mentioned  switching  time  of  I /usee  valid  for  complete  phase  shifter  or  for  the  examined  piece  of  ferrite  with 
much  less  phase  shift  than  360°  (360°  at  *)4  GHz)? 

(?)  Can  you  mention  the  peak  power  capability  of  the  described  phase  shifters? 

Comment: 

( 1 ) Cylindrical  toroids,  extensively  examined  at  the  Physics  Laboratory  TNO.  do  not  show  moding  problems  as 
shown  in  your  30,  5 40  GHz  ferrite  phase  shifters. 

(2)  Keggia-Spencer  type  of  phase  shifters  look  very  promising  at  mm  wavelength,  as  our  first  experiments  have 
shown. 

The  production  ot  these  rectangular  slabs  is  easy.  Only  the  waveguide  wall  is  an  extra  item  to  look  at. 

Author's  Reply 

( I ) l his  phase  can  be  suitable  as  last  as  300  nsec  and  most  likely  less  since  small  amount  of  ferrite  is  involved 
(<  300  ns  for  1 switching  operation).  This  would  be  valid  for  a 3b0°  complete  phasor. 

(?)  Peak  power  capability  should  be  at  least  several  kilowatts,  possibly  up  to  50  k\V  (see  I l*oN  Ml  f Symposium 
Diges*.  Stem).  These  phasors  should  operate  under  peak  power  similar  to  that  of  low-frequency  phasors  with 
appropriate  power  capability  reduction  due  to  decreasing  size  at  mm  waveguides 
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AN  OSCILLATOR- MULT I FLIER  CIRCUIT  FOR  THE  GENERATION  OF  MILLIMETER  WAVES 
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Institut  fur  Hochfrequenztechnik , Technische  Universitnt  Braunschweig, 
D-33  Braunschweig,  PF  3329»  W- Germany 


ABSTRACT 

This  contribution  deals  with  theoretical  and  experimental  investigations  on  a solid-state  millimeter  wave 
source,  which  combines  a negative-resistance  device  (Impatt  diode  or  Gunn  element)  with  a varactor  diode 
in  a common  imbedding.  Frequency  generation  and  multiplication  are  thus  performed  in  one  circuit.  The 
oscillator  can  be  regarded  as  a two-frequency  device,  because  the  imbedding  is  designed  to  support  only 
two  frequencies:  the  fundamental  and  the  desired  harmonic  wave.  In  comparison  with  an  ordinary  oscillator 
followed  by  a frequency  multiplier,  the  new  circuit  shows  no  isolator  between  these  two  components. 

This  feature  must,  however,  be  thought  of  as  of  minor  importance.  The  aim  of  the  compound  oscillator- 
multiplier  structure  is  to  establish  a two- frequency  device,  which  shows  some  advantagous  properties. 

The  first  is  obviously,  that  the  ouput  power  is  transferred  to  a higher  frequency.  We  will  show  both 
theoretically  and  experimentally  the  effectiveness  of  a frequency  doubling  device,  which  simultaneously 
operates  at  Ku-band  and  Q-band  frequencies.  The  FM-noise  favourable  compares  with  that  of  an  oscillator, 
which  directly  generates  the  higher  frequency. 

Another  characteristic  of  the  compound  oscillator  is,  that  its  "idler"  circuit  (i.e.  that  circuit  at  which 
no  output  power  is  extracted)  may  be  utilized  to  stabilized  the  oscillator  against  frequency  drifts  due  to 
both  temperature  changes  (long-term  stability)  and  noise  sources  (short-term  stability).  This  can  be 
performed  by  establishing  an  idler  circuit  with  high  Q-factor.  The  attainable  frequency  stability  surely 
depends  on  the  amount  of  power  dissipated  in  the  high-Q  resonator.  It  could  be  shown,  however,  that  a 
reduction  in  ouput  FM-noise  of  20  dB  is  possible  at  the  sacrifice  of  only  10$  of  ouput  power. 

Another  possible  application  is  an  oscillator,  which  is  synchronized  at  its  harmonic  frequency.  It  thus 
acts  as  a frequency  dividing  circuit  of  high  efficiency  and  large  bandwidth.  This  is  due  to  the  rich 
harmonic  content  of  the  compound  oscillator.  Thus  frequency  division  by  a factor  of  1*  would  be  observed  in 
a 3$  bandwidth.  The  system  showed  a power  gain  of  6 dB.  Such  a frequency  dividing  oscillator  is  useful, 
when  an  indirect  amplification  scheme  shall  be  established.  In  this  case  amplification  takes  place  at  a 
lower  frequency,  what  is  attractive  especially  for  signals  in  the  millimeter  wave  range. 

As  a last  application  an  oscillator  shall  be  mentioned,  which  is  capable  of  delivering  ouput  power  at  two 
frequencies  (preferably  at  the  fundamental  and  its  first  harmonic).  This  oscillator  can  be  used  as  local 
oscillator  in  both  resistive  frequency  dovnconverters  and  parametric  amplifiers  or  frequency  upconverters . 
It  enables  a more  efficient  pumping  of  the  mixing  devices,  thus  leading  to  a higher  conversion  gain.  Work 
is  now  in  progress  towards  an  oscillator  configuration,  which  allows  adjusting  the  power  distribution  on 
the  two  frequencies. 


INTRODUCTION 

The  combination  of  two-terminal  active  elements,  such  as  Gunn  and  IMPATT  diodes,  and  a varactor  frequency 
multiplier  will  make  it  possible  to  construct  new  compact  RF  power  sources  for  microwave  integrated 
circuits  in  the  millimetric  wave  region  too.  However,  no  adequate  design  theories  for  integrated  multi- 
plying oscillators  have  been  proposed.  This  paper  presents  a simplified  general  exact  disign  theory  of 
the  integrated  multiplying  oscillator,  by  considering  the  large-signed  nonlinearities  of  the  active 
element  and  the  varactor  that  are  strongly  mutually  coupled.  Figure  1 shows  the  general  circuit  represen- 
tations for  the  frequency  multiplier  in  the  microwave  oscillators.  The  ideal  filters  are  short  circuits 
for  Fig.  la  and  open  circuits  for  Fig.  lb  at  all  frequencies  except  the  one  specified.  The  varactor  series 
resistance  is  considered  to  be  represented  by  equivalent  shunt  conductances  at  the  input  and  output 
frequencies.  Such  a transformation  is  valid  for  high  Q varactors.  For  sake  of  simplicity  the  package  and 
mount  elements  are  not  considered  here,  however  the  introduction  of  these  elements  cannot  fundamental 
limit  the  circuit  performance. 

Since  this  circuit  contains  nonlinear  elements,  a computer  optimization  would  be  necessary  for  the  exact 
design  of  a circuit.  But  computer  optimization  requires  much  time  and  lacks  generality.  In  order  to  simp- 
lify the  design  procedure,  we  assume  that  the  optimum  overall  performance  will  be  achieved  when  the  mul- 
tiplier is  matched  to  the  oscillator,  acting  as  the  optimum  load  for  the  active  element,  and  at  the  same 
time  operates  under  the  maximum  efficiency  condition.  We  take  into  account  the  nonlinear  dynamic  proper- 
ty of  the  active  element  in  the  form  of  a dynamic  admittance  which  is  in  general  dependent  to 

the  oscillation  voltage  amplitude.  * 

The  optimum  load  condition  for  the  oscillator  is  first  obtained  by  using  the  dynamic  conductance  G . 

Then  the  parameters  of  the  multiplier  are  chosen  so  that  the  input  conductance  and  the  RF  voltage  of 
the  fundamental  frequency  coincide  with  those  of  the  active  element  under  the  maximum  efficiency  conditi- 
on of  the  multiplier.  The  matching  of  the  susceptance  component  is  met  by  adding  the  stub  (B  ) in  the  fun- 
damental frequency  circuit.  To  facilitate  the  design,  the  design  charts  are  given  for  the  case  of  a doub- 
ler operating  in  the  charge  controlled  mode. 

The  idea  of  the  dynamic  conductance  was  confirmed  by  experiments  on  the  oscillators  employing  a Gunn-diode. 
A multiplying  oscillator  with  an  output  frequency  in  the  Q-band  was  constructed  by  using  the  Gunn-diode  as 
the  active  element.  The  experimental  results  of  its  power  performance  were  consistent  with  those  predic- 
ted by  the  design  theory.  It  was  found  that  this  design  theory  gives  almost  the  same  optimum  values  as 


those  obtained  by  computer  optimization. 


I'HFORHTl  CAL  X'Xti'i 
Osc  i Hat  or 

In  general  we  represent  the  oscillator  section  by  the  equivalent  circuit  shown  in  Fig.  J . 

0.  are  conductances  of  the  active  element  and  the  load,  respectively. 

Tne  characterisation  of  negative-resistance  diodes,  however  is  very  difficult  since  these  diod' 
licated  nonlinear  character ist ics  and  can  operate  in  several  different  modes  according  to  oper 
di t ions : Pence  (V>*0)  and  Getsir.ger  (1 9ct  ).  Therefore,  special  emphasis  is  given  here  to  a simp 
volving  a cubic  nonlinearity,  and  the  idealized  LSA  mode  operation  of  a Gunn-effect  device. 

In  general  a negative  resistance  diode  has  a V-I  characteristic  shown  in  Fig.  5.  'when  the  diode 
at  a dc  voltage  qnd  draws  a current  of  I at  this  point,  the  following  relationship  can  be 

I sa  V +a,V'  +a,V  ♦ ...=  v,a  V“  where  ‘V  =V-Y  and  I *1-1., 
a i a . a 3 a n*1  n a a R a R 
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diode  is  biased  at  a point  of  negative  conductar.ce,  a^  will  be  negative.  Because  the  device  contain 
■gv source , a valid  finite  series  must  terminate  in  an  odd  order  term  with  a positive  coefficient. 


If  the 

no  energy  source,  a valid  finite  series  must  terminate  m an  odd  order  term  with  a pos 

We  will  assume  that  the  device  is  to  be  excited  by  a purely  sinusoidal  voltage  wave  at  a frequency  vc  and 
with  a peak  amplitude  of  V ^ volts,  because  of  the  capacitance  involved,  we  also  assure  that  current  flow 
in  the  generator  is  not  inhibited  by  significant  impedance  at  the  harmonic  frequencies,  and  that  no  sig- 
nificant harmonic  voltages  appear  except  the  fundamental  Y^cos  ut . It  is  preferable  to  use  Fig.  la  for  a 
device  that  is  biased  through  a constant  voltage  source  while  it  is  convenient  to  work  with  Fi$ 
device  that  in  biased  by  a constant  current  source. 

We  first  assume  that  the  V-I  law  is  a simple  cubic  relationship.  The  power  generated  by  the  diode  is 
(Hines  137c):  „ 1 
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This  approach  can  also  be  used  for  a Gunn  device  which  operates  in  the  LSA  mode  under  certain  conditions 
(Copeland,  Mircea).  In  this  case  the  V-l  characteristic  car.  easily  be  obtained  from  the  velocity  field 
relationship.  The  following  analysis  is  used  for  our  analysis  (Camp,  Johnston). 
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Applied  a sinusoidal  voltage  drive  with  various  amplitude  to  the  bias  point,  we  obtained  data  for  the 
fundamental  conductance  and  the  generated  power  using  the  Fourier  analysis  - in  a computer.  The  Fig.  L 
shows  these  relationships  calculated  using  normalized  voltage  and  current  in  terms  of  their  values  at  the 
peak  or  critical  point  of  the  curve.  Bias  is  assumed  to  be  three  times  the  critical  field  value.  These 
curves  agree  with  the  data  obtained  by  Hines  feeding  in  a large  number  of  points  from  the  curve.  In  the 
Fig.  5 only  the  region  for  V>2.2 35  is  the  idealized  L?A  condition.  For  lower  drive,  space  charge  accumu- 
lation (domain  formation)  would  be  expected  according  to  the  theory  of  Copeland  and  the  validity  of  the 
curve  is  highly  questionable. 


Analysis  of  varactor  harmonic  generation 

For  harmonic  generation  provide  the  Manley-Kowe  relations  the  fundamental  limits.  In  reality  the  achieve- 
ment of  high  conversion  efficiency  is  dependent  upon  the  provision  of  proper  circuits,  and  upon  an 
appropriate  degree  of  nonlinearities  of  the  reactive  element.  Leeson  and  Weinreb  (1959)  analyzed 
frequency  multiplication  using  a varactor  diode  as  a nonlinear  capacitance.  They  considered  a circuit  that 
contained  only  an  input  and  the  required  output  circuits,  and  shoved  that  the  efficiency  is  even  worse 
than  Fage's  limit  for  higher  order  frequency  multipliers  when  the  circuit  losses  and  small  varactor 
resistance  are  included . Later  it  was  shown  that  this  efficiency  can  be  improved  significantly  by  adding 
idler  circuits  at  intermediate  harmonics  (Utsunomiya) . 

Several  authors  carried  out  large  signal  analysis  of  a varactor  harmonic  generator  using  Taylor  series 
expansion  (Machard,  Roulston)  or  a Fourier  series  representation  (Scanlan)  for  the  varactor  voltage-charge 
relationship.  However  this  analysis  are  usually  limited  to  the  case  in  which  the  diode  is  arranged  in 
shunt  with  input  and  output  circuits.  This  avoids  complexity  when  the  exponent  of  the  voltage-charge 
relationship  is  not  an  integer. 


Jieapr&l  _apalys_is__ 

We  have  obtained  the  following  relationship  between  the  stored  charge  and  the  junction  voltage  across  the 
varactor  diode  , . ..\(1-y) 

Ci \ C“V  ) 

Q * 

1-Y 


Considering  the  circuit  of  Fig.  la  if  we  let  the  voltages  across  the  diode  at  the  fundamental  frequency 
and  the  required  harmonic  be  giver,  by  Vicosiot  and  V cos(Nu)t+<t>^)  we  become 


q 


1-V 


1 coscot  ♦ 


V^eos(Nu't  ) 


(i-y) 


The  lower  case  letters  indicate 


the  normalized  value 


U l 


Vi"Vi/V 


v *V  /V' 

N V B 


V'  »<t-v 

B H B 


V -W(,-’<) 


V<VV 


Expanding  nn  n Fourier  nrrien 


a • ««/*  ♦ ) («  commit  ♦ l'  sumut) 
1 ” *• , n n 

n»l 


1-VicoBUt  ♦ v„coa(Nuit+<f, 
n » I I N ’’ 


»’] 


(1-Y) 


cosnuit  d(uit) 


b ■ I t-vjcosuit  ♦ vMcos(Nu>t*$w ) 
n fl  J v N w j 


)<1-Y) 


si  must  d(uit) 


If  thr  output  circuit  is  resonated,  wr  have  — and  the  circuit  equations  are  (Scan lan). 

From  Kirchhoffs  i rquat ion 
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G and  G represent#  t lie  input  and  ouput  circuit  losses  including  the  equivalent  varactor  conductances 
at1 input  and  output  frequencies.  The  device  reactance  ia  not  considered  here,  for  convenience;  however  it 


could  easily  be  included  in  input  equation.  To  get  oscillation  at  fundamental  frequency  f we  need 
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In  thin  cane  the  Fourier  coefficients  a^  and  b, 


N are 
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Nov  the  solutions,  v^and  v^  can  be  found  in  t ermn  of  other  circuit  parameters  and  t lie  output  power  at  t tie 
required  harmonic  can  be  calculated 
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In  t tie  cane  represented  on  Fig.  1b.  ttie  vol  t age- charge  relationship  in 
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Again  biasing  of  t tie  diode  must  be  done  witti  a voltage  source  and  ttie  constraint  on  t tie  charge  in  given  by 
ttie  bias  voltage.  Let  ♦Q(  . where 

*4(t.)*  QjCOSuit+Q^costNuit+Q^)  such  that  l(t  )«I  ^sinuit .♦l^sin(Nutt ) «-uiQ  ^ a i rout  -NuS)^sin(Nud.tO^) 

Here  ul-  *herr  i the  component  of  ttie  average  charge  value  due  to  t tie  presence  of  ttie  time  vn 

rying  elements.  Fortunately  for  ttie  cane  of  greatest  practical  interest  of  I all  the  higher  order  terms 
become  ;ero  and  ttie  equation  for  ^ reduces  to  a quadratic  form.  The  equation  clearly  shows  that  when  both 
and  ^ are  sero,  then  ^ *0,  and  there  is  no  average  charge. 

V*V  ♦V(t, ) however  V(  t ) now  will  have  components  at  the  fundamental  and  alt  ttie  harmonic  frequencies.  There- 
for* can  be  written  as 
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ar:>  if  f tie  output  circuit  is  resonated  depending  on  the  value  of  fas  well  as  ttie  harmonic  nun 

■*  • lloving  equation  can  be  obtained 
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Hie  normalised  power  output  at  the  Nth  harmonies. 
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This  analysis  applied  to  a varactor  diode  the  Taylor  series  coefficients  becomes  (Leeson) 
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denormal i zed  the  expressions  became 
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V'  ia  the  total  hiaa  voltage,  ami  t’  the  valuea  for  the  hiaa.  Using  the  faotora 
M h »' 


I ” ’ *N  - ^ 2 ^ l'w  ' *m_  •*  o ' 

o-yrvr  (o,Ntc1M)  - (>->)*»;*"  ‘«Vn  ♦ «,n>  ' 


- (—7)  and  for  lb. 


H LN  IN 

1 . . 


(H) 

’ 1 2N  ,.'N  , .'N-2, . , u , ' ' 

u'  lB  Vh  (HU)  M1N 


' 1 H ' 1JI  IN 

PN  * .'N  .'N  ,2N-2,  , 1 

u'  H V\>  lhlJ)  RIN 


f»e  If  e xc  i t ed  frequency  mult  iply  ing  oac  i l l at  or 
When  the  conditions  for  la. 

vt  2 Vbt 

IWI  * w*(0ai + ~vt° 


or  those  for  case  lb. 


V*k,n'N 


‘‘l.N  ‘ VN  IN 


1 V,\d,  VH°t 

I hd(  1 1 5 1 * “ lRn  “ “xT1  Li*-i“ 

U»  1 


KlJN  * * 1N  ■ R1N  1jN  * ♦ Nwljj 


are  satisfied,  harmonics  of  the  input  oscillation  frequency  can  be  obtained  at  the  output  circuit  of  the 
self  exited  frequency  multiplying  oscillator.  The  oscillation  frequency  10  is  determined  from  the  suaccptanoe 
condition  and  the  amplitude  of  this  signal  wave  Vj  can  be  found  from  the  conductance  condition  of  the  input 
circuit.  Due  to  the  complexity  of  those  equations,  solutions  are  generally  obtained  using  numerical  methods. 
Mere  we  will  consider  only  the  case  of  Fig. la  using  the  previously  developed  model  of  a Gunn  device  opera- 
ting in  the  U«A  mode . The  Fig, lb  can  be  solved  similarly. 

Assuming  that  both  input  and  output  circuits  are  resonated,  the  calculation  procedure  is  as  follows: 

Specify  an  output  signal  amplitude 

Kind  the  Fourier  coefficients  a and  b for  different  V, 

n n 1 

Determine  V.  and  G. .. 

1 UN 

Using  the  value  from  above  find  the  generated  power  1'^,^ 

Determine  the  output  power  at  a specified  harmonic 

Compute  the  efficiency  which  is  defined  rp  I — | 

1 DGKN 

This  procedure  is  then  repeated  for  different  values  of  V . However  it  should  he  realised  that  this  aualy 
sis  is  valid  only  for  those  values  of  V ^ which  sat isfy  the  conductions  of  LSA  mode  operation.  The  Fourier 
coefficients  a^  and  b^  are  calculated  vising  a computer  as  we  did  for  the  characterisation  of  the  Gunn -dr 
vice  based  on  the  describing  before.  Then  L ^ and  l.^  can  easily  be  found  to  satisfy  the  assumed  resonan- 
ce conditions  of  input  and  output  circuits. 

Figure  *>.  shows  the  variation  of  input  conductance  G ^ and  input  signal  amplitude  with  output  amplitude  V, 
for  a frequency  doubler. 

For  this  computation  typical  values  are  used  for  both  the  Gunn  device  and  varactor  diode.  The  Gunn  device 
is  assumed  to  ha\ e a threaold  voltage  of  l,bV  and  a maximum  current  of  about  tfoomA.  The  maximum  negative 
conductance  obtained  from  this  Gunn  device  in  about  -,'S  mmhoa  and  the  maximum  generated  power  is  about 
fsomW.  An  abrupt  junction  varactor  of  o,6  V contact  potential  is  considered.  This  varactor  is  assumed  to 
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The  sign  choice  again  depends  on  P and  the  harmonic  number  N.  In  this  case  the  output  power  can  be  obtained 
from 
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Small  signal  analysis 


For  small  signal  operation  for  Fig.l.a)  following  relationship  can  be  found  (Lceson) 
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U and  U* 

o B are  the  dc  operating  points  of  the  charge  and  voltage,  respectively.  Here  we  have  used  the  folic 

wing  equation  forms  of  complex  Fourier  series  for  the  normalized  values 
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Letting  v^*v_^  for  convenience  and  then  separating  q^  and  q^  into  real  and  imaginary  parts 
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represents  combination  of  load  conductance  q and  circuit  loss  q.  at  the  output  circuit. 

can  now  solve  v„  and  v„ . 1,N  1N 
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The  normalized  admittance  of  the  varactor  diode  from  the  input  terminal  ir 
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The  nor nrn  1 i r.od  power  output  at.  the  N-th  harmonics 
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If  the  output  circuit  is  resonated  at  « 0 and  so 
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A similar  analysis  can  also  be  applied  to  the  dual  circuit  of  Fig.tb.  In  this  case  the  normalised  impe- 
dance from  the  circuit  terminnl  is 
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be  biased  at  CSV  and  to  have  a capacitance  of  pF  when  •b-V*  IV.  ’Hie  terms  ratio  ir.  of  the  transformer  in 
the  input  circuit  is  assumed  to  be  1 and  circuit  losses  are  included  by  considering  a circuit  ^ of  .'s  at 
the  fundamental  frequency  of  lo  C»H z . 

Additional  output  power  versus  output  signal  amplitude  curves  are  shown  on  the  next  Fig.o.  with  the  varac 
tor  nonlineari ty  factor  > and  capacitance  C ^ as  parameters.  Gome  points  are  missed  for  large  values  of  V, 
simplify  became  the  circuit  conditions  cannot  be  satisfied  a<  these  values.  From  the  Fig.l*.  can  observe 
that  both  the  varactor  nonlinearity  factor  and  the  capacitance  value  affect  the  power  output  at  harmonics, 
because  C . as  well  > affects  the  input  conductance  G^  which  determines  the  power  generation  from  the  device, 
For  higher  power  generation,  the  circuit  element  values  must  he  adjusted  to  give  higher  (G^*  G.^),  however 
this  cannot  be  great.her  than  . Variyng  the  bias  voltage  changes  the  voltage  normalising  factor, 

and  the  significance  of  this  effect  is  also  shown. 

On  the  next  Fig. 7.  is  the  power  output  plotted  as  e function  of  the  output  resistance,  which  tray  be  readi- 
ly adjusted  for  circuit  design-again  with  > and  C as  parameters.  It  is  clearly  see  that  the  maximum  out- 
put is  obtained  at  different  loading  conditions  according  to  the  particular  varactor  characteristic.  In 
general  a varactor  of  higher  ijonlinear i ty  or  of  larger  capacitance  yields  higher  power  output  as  long  as 
(G.+  G ) is  less  than  |G  |/m‘  . 

On  theiFig.vJ.  shows  the  efficiency  variation  with  load  resistance.  The  maximum  efficiency  changes  quite 
significantly  for  different  > values  but  changes  little  for  different  0^  values.  Obviously  efficiency  in- 
creases with  increasing  circuit.  ^ as  denoted 
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For  higher  order  harmonic  generation,  the  output  power  decreases  very  rapidly  since  both  the  input  con duo 
tance  G ^ and  the  output  signal  amplitude  V decrease  rapidly  to  satisfy  the  conductance  conditions. 

It  is  interesting  to  compare  the  results  or  the  small  signal  analysis  with  those  of  the  above  derived  lar- 
ge signal  analysis.  Therefore  the  same  typical  values  used  a general  analysis  are  again  used  for  both  iio 
des.  Fig.o.  represent  the  power  output  versus  load  resistance  curves  with  0 ^ as  the  parameter  for  different 
circuit  ^ values.  The  effieiences  of  these  circuits  are  shown  in  Fig.  10.  As  mentioned  previously,  the  rffi 
ciency  increases  as  the  circuit  Q increases.  In  general,  calculated  values  from  the  small-signal  analysis 
are  slightly  smaller  then  those  from  the  large-signal  analysis.  However,  excellent  agreement  can  be  obser 
ved  in  comparing  the  curves  of  Fig. j*.  and  Fig.8  . with  those  of  Fig.o  . and  Fig. to  thus  verifying  these  ana 
lyses . 

Hie  power  output  at  different  harmonics  is  also  considered,  and  is  shown  in  Fig. 11  for  two  different  load 
resistances.  The  rapid  decrease  of  output  power  with  harmonic  number  N again  indicates  that  this  circuit 
is  not  suitable  for  higher  harmonic  generation. 

Combining  the  equations  from  the  cubic  relationship  of  the  Gunn-devicc  with  those  from  the  small -signal 
analysis  of  varactor  multiplication,  we  will  consider  the  available  maximum  power  output. 

Agaiv.  assuming  both  input  and  output  circuits  are  resonated,  the  conductance  condition  of  the  input  circu- 
it is  given  by: 
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Differentiation  of  this  equation  with  respect  to  G^  yields: 
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The  load  conductance  which  yields  maximum  power  output  can  b<  found  by  di  fferrnt  iat  irg  p^  vith.  respect  !>> 
G and  equating  this  to  zero.  Then  usi»u  the  equation  before  we  obtain 
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Substituting  G. into  the  condition  equation  gives  us  the  signal  amplitude  which  > i*'lGs  maxim*  power  out* 
. , . LWm . ^ 

put  at  the  harmonic  frequency. 
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Finally  using  the  above  values  we  obtain  the  maximum  power  output 
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With  this  signal  amplitude  the  generated  power  from  the  device  is: 
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and  the  negative  conductance  becomes 
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The  efficiency  is  now  calculated  from  F„  and 
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In  this  analysis  if.  G,.,  is  specified  U,  should  be  chosen  so  that  C,  satisfies 
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If  the  circuit  losses  are  neglected,  the  input  conductance  equation  becomes 
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Similarly  the  maximum  power  output,  at  the  harmonic  frequency  is  obtained 
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at  the  following  values 
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and 


If  the  load  is  properly  adjusted,  the  maximum  power  output  is  a!*”/6a^  regardless  of  the  harmonic  number  N 
with  the  signal  amplitude  of  /2a} /3a^*  Note  here  that  the  maximum  power  generated  by  the  device  is  also 
a}2/3a*  with  the  same  signal  amplitude,  thus  verifying  that  all  the  power  generated  must  be  converted  into 
power  at  harmonics  in  lossless  case.  In  this  case  the  fundamental  negative  conductance  has  fallen  to  half 
of  its  small-signal  value. 


EXPERIMENTAL  WORK: 

The  above  analysis  has  been  carried  out  using  several  assumptions.  Since  it  is  extremely  difficult  to 
satisfy  all  the  conditions  in  our  wuveguide  mounting  structure,  only  those  that  are  basic  to  our  investi- 
gation are  studied  in  our  experiments. 

To  measure  the  effects  of  input  power  level  and  varactor  bias  voltage  on  the  output  of  the  second  harmonic. 
The  post  mounted  element  was  optimized  for  their  optimal  position,  based  on  our  previous  investigations. 

We  can  determine  the  oscillation  frequency  by  adjusting  the  distance  between  post  and  a sliding  short  and 
can  vary  the  input  power  into  a varactor  multiplier  using  an  attenuator.  The  input  circuit  of  the  varactor 
multiplier  tuned  mainly  by  adjusting  the  sitance  between  the  varactor  post  and  isolator  - placed  between 
the  oscillator  and  varactor  mount  - and  the  output  circuit  is  tunde  using  a slide  screw  tuner. 

Rapid  increases  of  output  power  are  observed  as  the  input  power  increases  or  as  the  varactor  bias  decrea- 
ses. However,  only  show  the  proportional  change  in  the  output  power  with  change  in  the  input  power  level 
or  the  varactor  bias  voltage,  because  part,  of  the  generated  power  is  obsorbed  by  the  isolator. 

If  the  input  level  increases  too  much,  or  the  varactor  bias  decreases  to  a value  close  to  zero,  a forward 
conduction  current  is  observed  in  the  bias  circuit,  decreasing  the  output  power.  Under  special  conditions, 
however,  anomalous  reverse  current  is  not i zed,  as  report et  by  Siegel  (19bO) 
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Combined  the  Gunn  and  varactor  diodes,  we  may  consider  two  different  cases  plotted  in  Fig.13  . ^ X-band 
E-H- tuner  is  used  for  tuning  the  input  circuit  at  the  fundamental  frequency  while  the  Ku-band  slide  screw 
tuner  is  introduced  to  tune  the  output  circuit  at  the  second  harmonic.  Usually  the  oscillation  frequency 
changes  while  the  circuits  arc  being  tuned. 

For  the  case  of  Fig13a.  when  the  circuit  is  turn'd  for  an  oscillation  frequency  at  aboat  10  GHz,  the  maxi- 
mum power  output  of  the  second  harmonic  obtainable  from  port  is  about  13  mW.  However,  when  we  changed  the 
varactor  bias,  we  observed  almost  no  change  in  either  output  power  on  the  oscillation  frequency  - as  well 
as  the  second  harmonic.  The  power  measured  from  port  A increases  slightly  as  the  varactor  bias  decreases, 
possibly  due  to  the  changing  of  tuning  conditions  resulting  from  varactor  capacitance  variation.  In  this 
case,  the  oscillation  frequency  appears  to  be  controlled  by  the  cavity  between  the  Gunn  post  and  Ku-band 
slide-screw  tuner.  The  distance  between  the  two  posts  determines  the  oscillation  frequency. 

For  the  second  case  Fig. Mb. the  oscillation  frequency  was  mainly  dependent  on  the  setting  of  the  X-band 
E-H-tuner,  and  therefore  we  adjusted  the  oscillation  frequency  so  that  the  carity  between  the  two  posts 
was  also  at  resonance.  Indeed,  the  power  output  of  the  second  harmonic  varies  ns  the  varactor  bias  changes, 
and  large  forward  conduction  current  in  the  bias  circuit  is  observed,  when  the  varactor  bias  decreases 
below  3 V.  However  in  this  case  the  whole  circuit  condition  changes,  since  the  oscillation  frequency  also 
depends  on  the  varactor  bias  voltage. 

CONCLUSION ; 

A design  theory  of  a multiplying  oscillator  was  presented.  The  method  of  oscillator  optimization  using 
the  dynamic  conductance  concept  (Furukawa  1970)  was  applied.  The  design  is  basically  the  determination  of 
the  circuit  parameters  to  realize  the  optimum  matching  of  the  fundamental  frequency  circuit  f.e.  the 
c ond  i t i on 

°D  + JBS  + Gln  ‘ 0 

where  Y is  the  input  admittance  of  the  multiplier.  To  avoid  the  tedious  calculations,  the  design  have 
been  made  by  using  the  equations,  describing  the  varactor  in  the  charge  controlled  made.  It  is  to  be  noted 
that  the  same  method  presented  in  this  paper  can  be  applied  to  higher  order  multipliers  and  other  modes 
of  operation  of  the  varactor.  If  there  is  more  than  one  frequency  that  satisfies  the  basic  condition  at 
the  same  bias  condition,  then  spurious  oscillations  will  occur.  However,  this  is  a very  strict  condition 
that  requires  the  matching  of  conductance,  susceptance,  and  voltage  of  the  active  clement  to  the  multi- 
plier at  the  same  frequency.  Spurious  oscillations  were  not  observed  in  the  experiment  in  this  paper. 

The  band-width  of  this  circuit  is  determined  mainly  by  the  freqeuncy  range  in  which  the  matching  condi- 
tions is  satisfied.  Thus  it  is  dependant  on  Gp  and  the  characteristics  of  the  active  element. 

The  system  aspects  of  our  contribution  are  described  in  the  abstact.  Some  of  them  are  considerated  and 
found  as  realizable. 
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SUMMARY 

Up  to  now,  backward-wave  oscillators  have  been  the  most  powerful  and  reliable  millimeter  wave  generators.  Among  microwave  tubes 
they  have  also  reached  the  highest  frequencies  (840  GHz  for  a CSF  tube,  1200  - 1300  GHz  fot  a Russian  tube). 

The  present  communication  will  be  devoted  to  the  recent  progress  achieved  on  these  tubes. 

A modification  of  the  slow-wave  structure  has  resulted  in  a considerable  increase  in  the  electronic  tuning  range  : having  initially  a 
few  percent  bandwidth,  a tube  operates  now  between  325  and  390  GHz,  delivering  more  than  50  mW  over  most  of  the  band  and 
more  than  10  mW  over  the  whole  band.* 

- A narrow-band  tube  delivers  more  than  5 W at  280  GHz. 

- Improvements  are  under  way  to  reduce  the  weight  and  improve  focusing,* 

I.  INTRODUCTION 

As  evidenced  by  this  meeting,  the  millimeter-wave  area,  after  a long  period  of  low-level  activity,  is  again  becoming  very  much  alive, 
since  a number  of  new  applications  are  coming  up. 

New  military  applications  have  already  been  described  during  this  conference  and  will  not  be  touched  upon  here.  But  new 
scientific  applications  have  also  recently  appeared,  among  which  one  may  mention  far-infrared  spectroscopy.  This  method  of  analysis 
constitutes  a new  approach  to  the  study  of  molecular  structure  and  promises  to  yield  basic  information  on  the  structure  and 
composition  of  the  universe  and,  perhaps,  the  origin  of  life,  since  molecules  can  now  be  detected  and  identified  at  extra -galactic 
distances.  Beside  their  use  as  a diagnostic  tool,  either  in  interferometry  or  in  radiometry,  millimeter  waves  are  also  now  under  serious 
consideration  for  heating  of  plasmas  in  thermonuclear  fusion  reactors. 

Most  applications,  if  not  all,  require  millimeter -wave  sources,  whether  it  is  for  transmission  or  for  reception.  Some  of  the  needs  at  low 
power  levels  and  at  the  lower  frequencies  in  the  millimetric  range  are  beginning  to  be  filled  by  solid-state  oscillators,  but  for  high 
powers  and  high  frequencies,  millimeter-wave  tubes  are  still  without  competition  and  will  remain  so  for  some  time. 

Among  these  tubes,  the  backward-wave  oscillator  (BWO),  otherwise  known  as  the  "O"  type  carcinotron,  is  particularly  outstanding 
for  several  reasons : 

Created  in  1951  at  CSF  and  independently  at  Bell  Labs,  this  tube  has  reached  the  highest  frequencies  ever  obtained  with  a microwave 
tube  850  GHz  at  CSF  in  1963  1 1 ) and  1300  GHz  by  a Russian  team  led  by  Golant  in  1969  |2).  Thus  it  has  closed  the  far  infrared  gap 
in  coherent  generation  between  low  frequency  devices  such  as  microwave  tubes  and  the  optical  frequencies  obtained  by  lasers  For 
example,  the  HCN  laser  delivers  its  power  at  a frequency  of  890  GHz.  Figure  1 shows  a plot  of  power  versus  frequency  for  most 
millimeter-wave  sources  described  in  the  literature. 

On  the  other  hand,  this  tube  is  continuously  voltage  tunable  over  a wide  frequency  range,  which  can  reach  one  octave  in  the  UHF 
region  and  is  still  greater  than  20  % in  the  millimeter  wave  region. 

Backward-wave  oscillators  are  the  only  commercially  available  sources  at  frequencies  above  150  GHz.  Up  to  now,  tubes  in  current 
production  are  available  at  up  to  300  GHz,  but  it  is  to  be  expected  that  the  available  frequency  range  will  be  extended  far  beyond  that 


but  not  least-  these  ,ubes  have  shown  a surprising  long  life,  the  average  being  4000  hours  for  70  GHz  tubes  and  1000  hours  for 
300  GHz  tubes,  when  one  takes  into  account  the  very  difficult  conditions  under  which  they  operate,  such  as  the  small  size  of  the  tube 
parts  as  well  as  the  very  large  current  densities  which  are  required. 

PRINCIPLE  OF  OPERATION  AND  STRUCTURE  OF  THE  BWO 

Since  BWO's  have  been  mostly  replaced  in  the  UHF  frequency  band  by  solid-state  devices,  such  as  varactor  tuned  or  YIG  - tuned 
solid-state  oscillators,  and  have  therefore  fallen  somewhat  out  of  fashion,  it  is  perhaps  useful  to  give  a brief  reminder  of  their  principle 
of  operation. 

Basically,  a BWO  (Figure  2)  is  a traveling  wave  tube,  the  beam  of  which  interacts  with  an  electromagnetic  wave  supported  by  a 
periodic  slow  wave  structure^).  The  main  difference  with  ordinary  traveling-wave  tubes  lies  in  the  fact  that  the  electron  beam  and 
the  electromagnetic  wave  propagate  in  opposite  directions,  cumulative  interaction  still  taking  place  due  to  a stroboscopic  effect  Thus 
a continuous  feedback  process  is  set  up,  the  beam  current  modulated  by  the  wave  giving  up  energy  to  the  wave  which  flows  toward 
the  electron  gun  1 1 .2),  thus  enhancing  the  beam  modulation.  The  RF  power  is  extracted  by  means  of  a coaxial  or  wavequide  output 
section  |5 ) located  near  the  gun. 

The  spent  beam  strikes  a collector  |6|.  The  slow  wave  structure  is  usually  attenuated  toward  the  collector  to  prevent  unwanted  extra 
feedback  due  to  multiple  reflections. 

The  electron  beam  is  part  of  the  feedback  loop  described  above.  Thus,  by  modifying  its  velocity,  it  is  possible  to  continuously  change 
the  feedback  delay,  so  that  the  tube's  oscillating  frequency  can  be  continuously  varied  as  a function  of  the  beam  voltage 

'Studies  supported  by  ESTEC.  a division  of  ESA, 


There  principles  have  been  applied,  in  particular  at  THOMSON  CSF , to  the  generation  of  millimeter  wave  power.  For  this  application, 
three  difficult  conditions  have  to  be  met  : 

First,  a very  high  current  density  in  the  beam  is  required  in  order  to  achieve  acceptable  efficiency. 

Second,  the  slow  wave  structure,  which  includes  a number  of  very  minute  parts,  has  to  be  machined  extremely  accurately,  with 
tolerances  of  one  micrometer. 

Third,  this  structure  should  have  excellent  thermal  properties,  in  particular  a high  thermal  conductibility  and  a large  thermal 
capacitance. 

The  first  condition  is  fulfilled  by  using  a highly  converging  Pierce  type  electron  gun  (area  convergence  on  the  order  of  100),  including 
an  impregnated  cathode  operating  at  very  high  current  densities  (15  A/cmJ  for  the  1 millimeter  wavelength  tube). 

The  second  and  third  conditions  are  satisfied  by  using  a vane  type  slow  wave  structure  (Figure  3),  whose  transverse  dimensions  are  on 
the  order  of  a quarter  of  the  free  space  wavelength.  Its  pitch,  which  is  twice  the  vane  thickness,  is  about  half  this  value.  This  structure 
is  obtained  by  milling  a solid  copper  block.  Each  vane  includes  a hole  (the  diameter  being  1/10  of  the  wavelength)  to  allow  the  passage 
of  the  beam  in  a region  where  the  high  frequency  electric  field  is  strong  and  fairly  uniform  . 

Ml  TUBES  IN  PRODUCTION 

Several  carcinotrons  operating  at  wavelengths  in  the  range  of  1 cm  to  1 mm  have  been  developed  at  THOMSON  CSF.  At  the  time  of 
their  development,  the  primary  goal  was  to  obtain  as  much  power  as  possible,  even  at  the  expense  of  bandwidth  There  is  a trade  off 
between  these  characteristics  due  to  the  fact  that  the  higher  the  coupling  impedance  of  the  slow  wave  structure,  the  higher  the 
efficiency  but  the  smaller  the  bandwidth. 

Table  I gives  the  performances  of  the  millimeter  wave  carcinotrons  presently  in  production  at  THOMSON-CSF. 

TABLE  I 


Tube  type 
CO.  80 
CO.  40 
CO.  20 

CO.  10 


Center  Frequency  Bandwidth 
(GHz)  (GHz) 


Power  out 

(W) 

I min.  10 
| max.  40 

j min.  3 
j max.  15 

-t 

min.  1.5 
max.  3 

min  0 2 
I max.  1 


Voltage 

(V) 


Current 

(mAI 


60 

max  60 

max.  30 


Average  life  ! 
(hours)  ! 


IV  NEW  DEVELOPMENTS 

As  new  requirements  have  recently  appeared,  a development  effort  has  been  made  and  is  still  in  progress  to  respond  to  them.  This 
effort  is  oriented  toward  several  directions  and  includes 

Increase  of  the  bandwidth  by  redesign  of  the  slow  wave  strucure. 

Increase  of  the  efficiency  and  output  power  as  well  as  bandwidth  by  redesign  of  the  electron  optics  and  beam  transmission 
improvement. 

Reduction  in  size  and  weight  by  use  of  samarium-cobalt  magnets. 

Increase  of  life  by  use  of  new  cathodes. 

IV.  1 Wideband  Tubes 

Recently,  the  European  Space  Agency  has  initiated  a program  of  research  and  development  of  components  required  for  space  borne 
submillimeter  wave  spectroscopy.  As  a part  of  this  program,  a general  study  of  submillimeter  wave  sources  tunable  over  a wide  band 
for  use  as  a local  oscillator  in  heterodyne  detection  has  been  launched. 

The  general  requirements  for  such  sources  are  listed  in  Table  II. 

TABLE  II  Requirements  for  the  Submillimeter  Wave  Local  Oscillator 


REQUIREMENTS 

REASONS  FOR 

. Extended  frequency  range  (wavelengths  between 
j 0.  5 and  1 mm) 

I . Frequency  stability 

Heterodyne  detection  with  high  spectral  resolution 

Broadband  tunability 

As  few  models  as  possible  to  cover  the  spectral  range  of  interest 

j . Sufficient  output  power 

Not  to  restrict  the  choice  of  the  detector 

Reduced  mass,  volume  and  power  consumption 

Space  borne  equipment 

. Continuous  tunability 
, Limited  operational  constraints 

Easier  use  on  board  a space  platform 

To  meet  there  requirements,  ESA  decided  to  support  the  development  by  THOMSON-CSF's  Electron  Tube  Division  of  a new 
carcinotron  model,  with  extended  bandwidth  together  with  sufficient  output  power  in  the  0.75-1  mm  range  (3).  The  specifications 
for  this  carcinotron  are  listed  in  Table  III. 

TABLE  III  - Extended-Bandwidth  Carcinotron  Specifications 


Central  wavelength 

0.  8 mm  < XQ  < 0.  9 mm 

Tunable  bandwidth 

20% 

Output  power 

>10  mW 

Power  consumption 

< 150  W 

In  order  to  meet  these  specifications,  an  extensive  computer  evaluation  of  the  interaction  was  first  made,  followed  by  a completely 
new  design  of  the  slow-wave  circuit.  Its  dimensions  were  chosen  so  that,  compared  to  the  circuit  of  a regular  production  tube,  it  would 
operate  in  a region  allowing  much  wider  frequency  tuning,  at  the  expense  of  a reduced  coupling  impedance,  which  results  in  a decrease 
of  output  power.  In  view  of  the  requirements,  this  reduction  could  well  be  afforded  in  this  particular  case. 

A tube  was  built  whose  wavelength  versus  voltage  characteristics  are  shown  in  Figure  6.  The  measurement  accuracy  is  ± 0.5  %.  The 
tube  covers  a continuous  spectrum  from  0.95  mm  at  4000  V to  0.75  mm  at  9000  V.  Depending  on  the  operating  frequency,  the 
voltage  frequency  sensitivity  varies  between  8 and  40  MHz/volt. 

Figure  7 shows  output  power,  beam  power  and  frequency  versus  voltage.  The  main  result  is  that  more  than  10  mW  are  obtained  above 
330  GHz.  The  ripples  exhibited  by  the  power  curve  are  explained  by  combined  reflections  at  the  line  terminals,  output  window  and 
output  load.  They  never  exceed  a slope  of  0.01  dB/MHz,  characteristic  value  for  a well  designed  and  well  matched  X-band  TWT. 

As  shown  in  Figure  8,  the  efficiency  is  about  0.07  %,  of  the  same  order  of  magnitude  as  for  previous  narrow-band  carcinotrons.  The 
beam  power  is  always  less  than  100  W. 

Voltage  tunability  might  seem  to  preclude  the  use  of  a BWO  when  a stable  frequency  is  needed.  However,  experiments  conducted  at 
ESA  [4)  on  this  tube  have  shown  that  it  can  be  frequency-locked  to  an  external  stable  reference  source  of  lower  frequency.  It  has  thus 
been  possible  to  phase-lock  a carcinotron  operating  at  244  GHz  with  the  24th  harmonic  of  a frequency  synthesizer.  The  measured 
linewidth  is  750  Hz  at  40  dB  below  the  peak  value  and  is  determined  by  the  resolving  power  of  the  spectrum  analyser. 

The  same  studies  were  also  concerned  with  the  noise  properties  of  the  carcinotron.  Experimental  results  show  that  the  noise 
temperatures  measured  on  three  carcinotrons  between  230  GHz  and  380  GHz  lie  between  1000  K and  3000  K,  which  corresponds  to 
a signal-to-noise  ratio  approximately  equal  to  120  dB/MHz. 

In  1977,  radiometers  using  carcinotrons  were  flown  on  NASA's  CV-990  and  C-141  aircraft  . System  performance  was  as  good  as  in 
laboratory  conditions  [4], 

These  results  show  that  carcinotrons  are  particularly  well  suited  as  tunable  local  oscillators  for  low-noise  heterodyne  detection. 

IV.  2 Further  Improvements 

For  the spaceborne application  planned  by  ESA,  it  is  important  that  the  bulk  and  weight  of  the  tube  plus  its  impedimenta,  that  is  its 
power  supply  and  cooling  system,  be  as  limited  as  possible.  In  order  to  achieve  this  goal,  one  approach  is  to  use  new  magnetic 
materials  in  order  to  reduce  the  size  and  weight  of  the  focusing  magnet. 

A study  to  achieve  this,  sponsored  by  ESA^has  been  initiated,  leading  to  the  results  shown  in  Figure  9.  Shown  on  the  left  is  the  new  magnet, 
made  of  samarium-cobalt  (SmCo5).  Un  the  right,  the  usual  magnet  made  otTiconal  600  (this  material  is  similar  to  Alnico)  is  shown 
for  comparison.  Both  magnets  produce  an  induction  of  0.6  tesla  (6  kilogauss)  over  a focusing  length  of  30  mm.  The  total  weight  of 
the  tube  plus  its  magnets  is  thus  reduced  to  8.5  kg.  This  is  to  be  compared  to  30  kg  for  the  tube  with  a Ticonal  magnet. 

Another  approach  to  reduce  size  and  weight  is  to  try  to  improve  the  beam  transmission  which  would  allow,  for  the  some  output 
power,  having  reduced  power  consumption,  hence  a smaller  mass  for  the  power  supply  and  the  cooling  circuit.  Furthermore,  an 
improvement  in  beam  transmission  should  result  in  a widening  of  the  bandwidth,  since  it  is  the  factor  which  limits  the  tube  operation 
toward  lower  frequencies,  at  low  voltages.  For  these  reasons,  a new  gun  structure  has  been  designed  with  the  help  of  computer 
programs,  the  main  difficulty,  beside  the  sheer  size  of  its  elements,  being  that  it  should  be  able  to  operate  correctly  with  widely 
varying  beam  voltages. 

Preliminary  experiments  made  on  a beam  tester  have  shown  a large  increase  in  total  as  well  as  in  relative  current  transmission  at  lower 
beam  voltages,  below  6 kV,  while  the  transmission  at  higher  voltages  is  correspondingly  decreased.  The  comparison  is,  however, 
somewhat  pessimistic  since  the  drift  sections  are  different.  A valid  conclusion  will  be  reached  when  these  improvements  are  tested  on 
an  operating  tube. 

IV.  3 Higher-Power  Tube 

As  a result  of  the  know-how  acquired  during  these  studies  and  the  improvements  achieved  in  the  accuracy  of  carcinotron  fabrication, 
a narrow- band  production  tube  has  been  built  that  delivers  5 watts  CW  at  a frequency  of  280  GHz  (Figure  101. 

V FUTURE  EVOLUTION 

The  achievement  just  mentioned  shows  that  the  evolution  of  the  millimeter-wave  BWO  is  by  no  means  terminated.  Among  others,  the 
following  objectives  for  further  development  of  this  tube  can  be  defined  : 

- Increase  in  power  output  and  efficiency,  a goal  of  10  watts  CW  at  1 mm  wavelength  appearing  perhaps  feasible.  This,  of  course,  is 
well  below  what  one  could  expect  from  the  gyrotron,  but  It  should  be  remembered  that  a gyrotron  operating  at  this  frequency 
would  unavoidably  require  superconducting  magnetic  coils  and  the  liquid  helium  equipment  that  goes  with  them. 


.lh-4 

Development  ol  tuhe*  capable  ol  being  put  into  production,  either  mu  row  bend,  high  power,  or  widetrend,  in  the  submillimetric 
region,  down  to  0 5 0.3  mm. 

Increase  ot  life  by  me  ol  new  cethodet  lor  instance.  it  should  lie  possible  to  otitein  the  tame  current  density  at  with  an 
impregnated  tungtten  matrix  cathode  at  a temperature  100  "C  lower  by  uting  an  otmium  coated  tungtten  matrix. 

Even  better  retulti  may  be  obtainable  with  barium  tcandate  cathode*,  lor  which  current  dentdiet  of  100  A/cm’  at  1050  "C  with  a 
life  ol  many  thousandi  ol  hourt  have  recently  been  mentioned  |R| 

last  but  not  leatt.  more  widetprearl  use  ol  these  tubes,  which  are  now  produced  in  very  small  quantities  and  aie  there  live  expensive, 
should  reiult  in  an  improvement  ol  the  production  etticiency  and  a reduction  in  their  cost 
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Efficiency  of  the  new  broadband  carcinotron  (3)  as  compared  to 
earlier  narrow-band  models  (l  and  2). 


The  new  lightweight  SmCo  focusing  magnet  (left)  and  a standard 
Ticonal  600  magnet , for  comparison. 
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DISCUSSION 


N.Pranter,  FRO 

How  high  is  the  cathode  emission  density  of  your  BOW’s? 

Author’s  Reply 

Emission  density  is  1 5 A/cmJ . 

S.Kulpa,  US 

For  the  tube  with 

X = 0.80  — 0.9  mm 
Af/f  ~ 20% 

For  > 10  mm. 

What  are  the  anticipated 

Av 

How  stable  a power  supply  can  Thomson  provide? 

Author’s  Reply 
Af 

is  larger  than  8 MtU/V  and  smaller  than  40  MHz/V  depending  on  the  frequency  of  operation. 


Thomson-CSF  does  not,  for  the  tune  being,  manufacture  the  power  supply  for  this  tube  but  can  help  to  obtain  it 
at  given  specifications.  Usual  power  supplies  have  a \<T*  stability  but  I O'5  and  even  KT6  can  be  obtained 
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SUMMARY 


For  data  tranaaiaaion  between  geostationary  communication  aatallltaa  tha 
fraquancy  ranja  from  54  GH*  ...  64  GH*  will  ba  usad. 

Tha  communication  system  design  demands  a transmitter  output  power  of  soma 
watts.  Thie  can  ba  achieved  with  a travelling  wave  tuba  amplifier. 

This  paper  shows,  how  fraquancy,  output  power,  bandwidth,  high  afficiancy 
and  extremely  long  tuba  Ufa  determine  tha  following  main  design  parameters  for  such 
a travelling  wave  tube, 

- parvaanca  of  tha  electron  gun 

- beam  compression 

- slow  wave  structure 

- dimensions  of  tha  alow  wave  structure 

- collector. 

Due  to  tha  required  electrical  parameters, distort  ion  effects  must  be  con- 
sidersd  which  are  negligible  for  the  design  of  lower  frequency  TVT’ a. 

These  effecte  are; 

- thermal  velocity  spread  of  the  beam  electrons 

- undesired  modes  of  the  slow  wave  structure. 

The  thersial  velocity  spread  of  the  beam  electrons  has  great  influence  on 
the  performance  of  the  electron  gun  and  the  beam  focusing  system.  A method  to  reduce 
this  influence  is  described. 

Undesired  modes  of  the  slow  wavs  sturcture  impair  the  gain  characteristics 
of  the  tube.  Methods  of  preventing  such  modes  are  being  further  developed. 


INTRODUCTION 

This  paper  deals  with  the  development  of  a ppm-focused  double-stage-collector 
60  GH*  / 5 w hslix  TVT  for  space  applications  with  a design  goal  of  an  operating 
efficiency  of  10  % and  a saturated  gain  of  30  dB  within  a frequency  range  of  54  GH*  - 
64  GH*.  In  addition,  a general  treatment  of  "mm  TVT'e"  is  given. 

Firstly,  a short  review  is  given  of  the  applications  for  TVT's  in  the  m- 
frequency  range.  Then,  Min  design  problems  and  considerationa  based  on  the  develop- 
ment of  the  60  GH*  /5V  TVT  are  outlined  and  solutions  to  overcome  these  problems 
are  shown. 


Furthermore,  an  efficiency  improvement  technique  ie  described  and  finally, 
il>e  state  of  the  art  of  mm-TVT's  is  summarised  showing  upper  design  limits. 


I - APPLICATION  OF  TVT’S  FOR  MILLIMETRE  WAVES 


Millimetre  waves,  defined  as  waves  with  a wavelength  from  1 to  IO  m or  a 
frequency  range  from  300  JO  GH*,  are  used  in  a wide  field  of  applications. 

In  this  frequency  range  TVT’s  may  act  as  power  amplifiers  both  tor  ground 
and  apace  applications.  Main  ground  applications  are  for  radar,  electronl^warfare 
and  communication  systems. 

Frequencies  from  54  GH*  ...  64  GHs  are  envisaged  for  Intersatellite 
communication  where  TVT’ a will  be  used  as  high-efficiency  and  high-reliability 
power  amplifiers. 


II 


DESIGN  PROBLEMS  AND  CONSIDERATIONS 


Before  going  Into  datatla  a three-atage-col lac tor-TWT  ichaaatlc  la  shown  in 

Figure  I« 

Tha  tubs  aactions  for  baas  generating  and  shaping,  baaa  intaraction  with  tha 
dslay  1 Ins  atructurt  and  bsasi  coilacting,  togathsr  with  than-  associated  voltagas  can 
ba  swan.  Muttiataga  baaai  collactors  will  bo  doacribad  in  a latar  chapter  of  thia  paper 
aa  an  efficiency  la provement  technique. 

The  stoat  frequently  uatd  delay  line  aysteai  for  mm-TWT’e  are  either  helix  or 
coupled  cavity  chain.  In  genaral,  the  choice  between  these  la  made  by  considering  the 
following  factors: 

- bandwidth 

- diaperslon,  gain  and  phase  fine  structure 

- heat  tranafsr  to  tha  vacuum  envelope 

- fabrication. 

In  view  of  thaaa  considerations,  the  helix  with  excellent  broadband  perfor- 
mance and  simple  fabrication  ia  uaed  for  small  power  tubes.  The  coupled  cavity  chain 
with  its  better  hsat  transfer  to  the  vacuum  envelope  than  the  helix  is  normally  used 
for  high  power  tubes.  Its  disadvantages  are  small  bandwidth  and  complicated  siachlning. 

Beam  focusing  in  most  mm-TVT ' a is  dons  with  a periodic-permanent  magnet  stack 
using  SmCOc,-magneta.  These  reduce  site  and  weight  of  the  focusing  system. 

Design  relations  for  the  delay  line  propagation  conatant,  the  beam  psrveance 
and  the  focualng  magnetic  field  are  listed  in  Figure  2 to  explain  the  fundamental 
design  theory. 

The  propagation  conatant  is  one  of  the  moat  important  design  parameters.  To 
achieve  optimum  tube  operation  in  the  ram-range  the  beam  voltage  must  be  very  high, 
which  means  low  beam  perveanca  and  vary  small  dslay  line  diameter.  This  fact  leads  to 
high  density  electron  beams  for  the  hallx  and  coupled  cavity  structure  and  limits  the 
manufacture  with  respect  to  frequency.  On  the  other  hand  some  restrictions  have  to  be 
made  to  the  beam  voltage  especially  for  apace  tubas  to  achieve  good  reliability  of  the 
tube  power  supply. 

Due  to  the  requirements  for  long  tube  life  and  high  reliability  the  emission 
density  of  cathodes  used  s>ay  not  exceed  certain  values.  The  beam  area  compression,  l.s. 
tha  ratio  of  cathode  area  to  beam  area  inside  the  delay  line,  will  be  determined  by 
the  cathode  design. 

From  these  points  it  can  be  seen  that  electron  guns  for  mai-wave  TWT’s  are  of 
the  low  perveance  type,  producing  high  density  beams  with  a high  beam  area  compression. 

Under  these  conditions  the  commonly  used  laminar  theory  for  designing 
electron  guns  and  beam  focusing  systems  is  not  valid,  as  the  thermal  spread  of  the 
beam  electrons  leaving  the  cathode  ia  no  longer  negligible.  The  influence  of  transverse 
thermal  electron  velocities  on  the  design  of  electron  guns  and  the  beam  focusing  field 
has  been  investigated  by  several  authors  [1,  2,  3,  4].  Results  achieved  there  have 
been  uaed  for  the  design  of  the  60  GHx  t 5 W TVT  electron  gun  and  beam  focusing  field. 
Formula  (})  from  Figure  2 derived  in  [1]  shows  the  influence  of  cathode  temperature, 
cathode  field,  beam  radius  and  area  compression  on  the  beam  focusing  field. 

An  estimation  of  tha  effect  of  thermal  spread  baaed  on  considerations  des- 
cribed in  [4]  ia  shown  in  Figure  3,  calculated  for  the  60  GHx  / S W TVT: 

The  percentage  of  electrons  inside  an  ideal  equilibrium  beam  diameter,  called 
the  Brillouln-dlameter , versus  beam  area  compression  for  a beam  power  of  2G0  V can  be 

seen. 


From  these  figures  it  is  evident  that  in  general  a low  beam  area  compression 
will  avoid  a lot  of  problama  caused  by  thermal  electron  beam  spread  for  the  electron 
gun  design  and  also  for  the  beam  focusing  field  design. 

The  upper  limit  of  emission  density  of  the  tungsten  matrix  cathode  used  for 
mm-TVT' s is  about  1 A/cm  . 

The  acheawtic  of  the  tungsten  aatrlx  cathode  is  shown  in  Figure  4: 

The  cathode  consists  of  a porous  tungsten  body  impregnated  with  Ba-Ca- 
Aluminate.  This  body  is  held  by  a moly-aleeve.  The  heater  ia  embedded  in  alumina. 


During  the  development  of  the  60  GHz  / 5 W TWT,  cathodal  with  vary  high 
aaitaaion  danaity  to  raduca  tha  baaai  araa  compression  wara  alao  taatad.  Figure  5 ahowa 
tha  firat  arcaiaratad  Ufa  taat  raaulta  achieved  undar  high  aatiiion  danaity  condition! 
for  varioua  naw  rathoda  deaigna.  Tha  changa  of  current  danaity  veraut  life  time 
beginning  with  a density  of  6 A/cm-  can  be  aaan  by  1 OOO  h.  Thia  la  equivalent  to  a 
cathode  life  of  30  OOO  h minimum  under  normal  operating  conditions. 

Another  problem  concerning  slow  wave  structures  is  seen  in  the  propagation 
of  the  electromagnetic  waves  along  the  structure.  Heaulting  from  an  exact  analysis, 
there  exists  not  only  tha  fundamental  mode  of  propaga t ion , commonly  used  for  inter- 
action with  the  electron  beam,  but  alao  an  infinite  number  of  so-called  apace  harmonics. 
These  harmonica  a have  the  same  frequency  and  tha  same  group  va’.ocity  but  different 
phase  velocities. 

These  causa  undesired  effects  such  as  backward  wave  oscillations  at,  1 under  certain 
conditions  they  impair  tha  helix  impedance  for  the  fundamental  wave. 

Two  possible  configurations  of  the  helix  delay  line  structure  of  the  60  GHz  / 
S W TWT  can  be  assn  in  Figure  6: 

Figure  6a  shows  a configuration  using  heat  shrink  techniques  to  fix  the 
helix  inside  the  vacuum  envelops.  Figure  6b  shows  tha  uaa  of  moly -springs . 

Based  on  the  assumption  of  a tape  helix  model  [5,  6,  71  a space  harmonic 
analysis  of  the  60  GHz  / 5 v TWT  helix  delay  line  system  has  bean  made  and  is  shown 
in  Figure  7: 

Helix  waves  of  the  fundamental  order  (m  • 0)  and  the  order  m . ^ 1 in  a 
frequency-propagation  constant  plane  have  been  coaputed  for  the  dimensions  of  the 
delay  line  system  of  Figure  6b. 

It  can  be  seen  that  waves  of  the  order  m * ^ 1 have  a cutoff  frequency  cf 
about  30  GHz.  Those  waves  may  be  explained  up  to  about  70  GHz  as  the  dominant  trans- 
verse electromagnetic  or  TEM-mode  of  a coaxial  line  having  an  inner  conductor  with 
the  helix  diameter  and  an  outer  conductor  with  the  inner  diameter  of  the  vacuum 
envelope. 

Hot  measurements  have  shown  that  this  mode  seriously  impairs  tha  helix 
impedance  and  hence  the  gain  of  the  tube. 

Methods  are  under  development  to  optimize  the  boundary  value  conditions  for 
the  helix  waves  in  such  a manner  that  the  cutoff  frequency  of  undesired  modes  of 
propagation  will  be  shifted  up. 

Similar  problems,  especially  backward  wave  problems,  are  to  be  solved  under 
the  development  of  coupled  cavity  structures. 

A coupled  cavity  delay  line  structure  is  shown  in  Figure  8.  The  dimensions 
in  millimetres  are  typical  for  a tube  with  a centre  frequency  of  about  50  GHz.  It  is 
evident  that  machining  will  be  alao  a serious  problem  for  ms-coupled  cavity  tube 
development. 


Ill  - EFFICIENCY  IMPROVEMENT 


Methods  frequently  used  are  velocity  tapering  of  the  delay  line  structure, 
multistage  collectors  or  both  together.  The  multistage  collector  method  will  be  des- 
cribed here: 

Due  to  the  modulation  of  the  electron  beam  a wide  range  of  electron 
velocities  will  occur  and  it  is  possible  to  collect  several  velocity  groups  on 
corresponding  collector  etages  with  the  lowest  possible  voltages  allowing  all 
electrons  of  a group  to  be  collected.  It  is  possible  to  improve  the  basic  efficiency 
of  mm-TWT's  by  two  to  four  times,  using  double  to  five  stage  collectors. 

Figure  9 shows  the  spent  beam  energy  distribution  of  the  60  GHz  / 5 V TWT 
computed  for  saturated  output  power.  For  this  tube  a double  stage  collector  is 
provided. 


To  demonstrate  a more  sophostlcated  multistage  collector  design,  a five 
etage  self-radiating  collector  can  be  seen  in  Figure  10.  This  collector  has  been 
developed  for  space  application.  The  collector  stages  are  insulated  from  the  collector 
envelope,  the  collector  envelope  is  bolted  by  a flange  to  the  satellite  and  radiates 
the  heat,  conducted  from  each  stage  to  it,  into  deep  apace. 


}1A 


Result*  schlsvsd  in  the  development  of  the  60  GHz  / 5 w TWT  will  be 
published  later  with  reference  to  high  emission  cathodes  and  mode  shifting  under 
development. 

The  tube  is  being  developed  under  a contract  of  the  "Deutsche  Forschungs- 
und  Versuchsanstalt  fiir  Luft-  und  Raumfahrt  e.V."  (German  Aerospace  Research 
Institute) . 


IV  - STATE  OF  THE  ART  OF  MM-TWT'S 


At  the  and  of  this  paper  a general  review  is  given  of  the  state  of  the  art 
or  mm-TWT's  developed  or  under  development.  It  can  be  seen  in  Figure  11: 

Upper  design  limits  based  on  tube  design  and  manufacturing  techniques  are 
shown  for  helix  and  coupled  cavity  tubes. 
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SUMMARY 


In  this  poper,  three  process  of  electromagnetic  wove  generation  by  intense  pulsed  reloti- 
vistic  electron  beams  (REB)  are  investigated  : a)  The  synchrotron  maser  b)  The  relati- 
vistic Doppler  shift  and  c)  the  collective  free  electron  laser. 

For  the  synchrotron  maser  instability,  theoretical  linear  growth  rate  and  threshold 
conditions  are  derived  for  annular  beams  in  cylindrical  woveguides.  Experiments  where 
the  efficiency  of  the  microwave  generation  reaches  10  % with  REB  current  of  the  order  of 
1 kA  ore  presented  and  discussed. 

Frequency  conversion  of  microwaves  by  Doppler  shift  using  a relativistic  beam  front  as  a 
mirror  is  a possibility  for  the  conversion  of  X-band  radiation  in  the  millimetric  range. 
Conversion  frequency  from  9 GHz  to  30  GHz  has  been  observed. 

The  collective  free  electron  laser  also  uses  the  relativistic  Doppler  shift  for  frequency 
conversion  but  the  mirror  effect  is  obtained  by  Raman  back  scat  ter ing  of  the  incident  wave. 
Moreover  the  incident  wave  in  the  laboratory  frame  can  be  of  zero  frequency,  i.e.  a simple 
modulation  of  a static  B field.  Results  of  our  preliminary  investigations  ore  presented. 


1.  STUDIES  OF  THE  SYNCHROTRON  MASER. 

First  the  stability  of  circular  waveguide  modes  perturbed  by  an  annular  relativistic 
electron  beam  is  investigated.  The  model  can  describe  the  situation  for  low  current  ope- 
rating devices  of  the  gyratron  type  (FLYAGIN,  V.A.,  1777)  or  experiments  using  cold 

cathode  devices  with  intense  relativistic  electron  beams  ( GRANAT S T E I N , V.L.,  1775).  The 

second  port  of  the  section  is  devoted  to  a description  of  the  experiments. 


1 . 1 Theory . 

In  the  model  we  assume  that  (a)  the  electron  beam  flows  through  a circular  waveguide 
immersed  in  a constant  axial  magnetic  field,  (b)  The  electrons  all  have  the  same  energy 
and  Larmor  radius  r.  . (c)  Their  guiding  center  is  located  on  a circle  of  radius  r^  cen- 

tered on  the  waveguide  axis  as  shown  in  Fig.  1.  (d)  The  self-fields  of  the  beam  are 
neg lec  t ed . 


Under  these  assumptions  it  is  possible  to  use  a perturbation  theory  for  the  description 
of  the  beam-waveguide  interaction  (BUZZI,  J.M.,  1977).  Then,  the  dispersion  relation  for 
TE^n  modes  is  given  by 


7 7 7 7 7 p = + «°  , 

- k c - = a)  2 Jn  _ (/))  Sp 


in  ~ ~p  vln  pjtao  Ji- P 


(1) 


where 

with 


u)j  is  the  cut-off  frequency  of  the  T E p mode  in  the  empty  waveguide  ( = P1  * c/a 

J'£  ( f\n)  = 0)  ond 
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(N  mean  electron  density  in  the 
w8veguide  section) 
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p r^/a,  $ = (1  - f1'  ) 3 and  fS  = v/c  where  v is  the  speed  of 

the  electrons.  Moreover 

vjJp  (A)Trp  + Jp2  '1*1  -^b>  - 2J;  (A)  VVfP  •u)b>  - (^2-k2c2)^j'2(A)/r2 

with  : X - /a,  = ul1  - pu3^,  uO’  =u)  - kv^y,  = p^‘  /A  - A ond  = e®o2mo  ^ . 


On  looking  for  solutions  of  equation  (1)  orround  the  points  (u>+,  k+)  solutions  of  the 
equations 
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One  obtains  the  simplified  dispersion  relation  : 


where 
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From  the  cubic  equation  (2)  it  is  clear  that  the  instability  condition  is  given  by  : 

2 


- ^ <J'%  .p*,»  >0 

in 


(5) 


Expression  (5)  is  useful  because  the  terms  q and  r are  functions  only  of  the  Larmor 
radius  r.  and  of  the  guiding  center  radius  r^.  Evaluating  Eq . (5)  in  the  beam  frame  gives 

the  instability  region  in  the  r^,  r.  diagram  as  a function  of  u)  . As  an  example,  Fig.  2 

gives  the  instability  domains  for  tRe  TE^..  mode  interacting  witR  the  first  synchrotron 

harmonic.  Note  that  r^  can  vary  from  0 to  a,  but  r^  must  satisfy  the  two  conditions  : 

rL  + rb  ^ a an<*  r^  < m a/  1 cind  m in  the  beam  f rame  ) . 

A more  detailed  discussion  of  the  threshold  condition  (5)  has  been  given  by  one  of  us 
(ETLICHER,  B.,  1978)  for  others  modes  and  various  harmonics. 

By  solving  numerically  Eq.  1 one  can  compute  for  any  real  k the  complex  roots  u^*  . Thus 
one  obtains  the  groth  rate  u).  = Im  ( u5*  ) where  u)#  is  a function  of  k,  B , (V.  , and  w 

for  the  interaction  between  a particular  waveguide  mode  and  a synchrotrSn  harmonic.  P 
Fixing  Bq,  ^ and  c*y  one  can  define  : 

= S u p ( ^ (k))  = Im  ( it)  ( k ) ) 

u)r  = Real  (u)  (k)) 

where  k is  a particular  value  of  k for  which  we  have  the  maximum  groth  rate.  Now  by 
varying  the  external  field  Bq  one  can  compute  the  amplification  rate  : 

a <V  ) * **p  [2  £3^  ej 

An  example  of  numerical  results  is  given  on  Fig.  3o  for  o porticulor  set  of  beom  porame- 
ters.  This  calculation  predicts  the  value  of  the  magnetic  field  for  wich  emission  occurs 
and  the  value  of  the  emitted  frequency.  It  should  be  pointed  out  that  the  maximum  growth 
rate  in  the  case  of  Fig.  3a  is  not  as  usually  assumed  at  the  grazing  intersection  of  the 
waveguide  mode  with  the  synchrotron  resonance  but  very  close  to  the  cut-off  frequency. 
This  con  be  explained  by  the  fact  that  the  perpendicular  energy  is  well  above  the  thres- 
hold value.  In  this  case,  the  term  r in  Eq.  2 dominates  the  term  propor t ionnal  to  q and 


I 


\X -3 


the  growth  rote  is  maximized  for  small  values  of  a). 

The  fact  that  the  emission  is  maximum  for  a particular  value  of  the  magnetic  field  is 
illustrated  by  Fig.  3b  where  we  plot  & (B^)  defined  by  : 

A (Bq)  * Sup  [a  (0o>  cD)] 

It  is  also  interesting  to  investigate  the  Synchrotron  maser  as  an  amplifier  by  solving 
Eq.  (1)  for  real  u)  ond  complex  k.  The  dispersion  diagramm  differs  from  the  usual  case 
where  k is  real  and  iO  complex  because  as  shown  on  Fig.  4a,  for  a magnetic  field  close 
to  that  corresponding  to  the  onset  of  the  instability  we  have  two  bronches  of  complex  k. 
Branch  ) corresponds  obviously  to  an  evanescent  wave  and  branch  2 to  an  amplifying  wave. 

But  when  the  magnetic  field  increases  the  situation  is  described  by  Fig.  4b  where  the  two 
bronches  collapse.  In  this  case,  application  of  the  Bers  and  Briggs  criteria  (BRIGGS,  R.J., 
1964)  shows  that  we  have  an  absolute  instability  with  a large  growth  rate.  This  would 
appear  to  be  a serious  problem  for  on  amplifier.  However  the  finite  length  of  the  ampli- 
fier is  not  token  into  occount  in  this  calculation  ond  should  limit  the  effect  of  this 
dangerous  instability. 


1 . 2 Experiments . 

The  experimental  set  up  is  described  on  Fig.  5.  The  cathode  is  a 4 cm  diameter  graphite 
disk  and  the  anode  a thin  titanium  foil  (tickness  20  /< ) • The  waveguide  is  a circular 
copper  pipe  (5  cm  inner  diam. ) terminated  by  a Teflon  window  and  a conical  microwave 
horn.  The  air  pressure  in  both  the  diode  and  the  waveguide  ore  always  less  than  10~*  torr. 
A B field  parallel  to  the  waveguide  oxis  is  produced  by  external  coils.  In  contrast  to 
previous  experiments  ( GRANAT ST E IN , V.L.,  1975  for  example),  the  B field  is  homogeneous  in 
the  diode  os  well  as  in  the  waveguide,  except  for  the  fringing  field  in  the  vicinity  of 
the  microwave  window. 

A Marx  generator  connected  to  o 40A  Blumlein  delivers  a voltage  of  700  keV  during  20  ns 
to  the  diode.  During  that  time  electrons  flow  through  the  diode  and  a froction  of  the 
diode  current  propagates  in  the  waveguide.  The  microwave  emission  occuring  during  thot 
short  time  is  detected  by  a microwave  horn  and  propagates  in  a delay  line  for  a time  of 
flight  frequency  measurement. 

Behind  the  anode  a 2 mm  stainless  steel  plate  stops  the  electrons  except  around  the  axis 
where  there  is  a 20  mm  diameter  hole.  This  diaphragm  appears  to  be  essential  ■for  microwave 
generation. 

As  shown  on  Fig.  6,  without  the  diophrogm  the  microwave  power  is  very  low.  The  interesting 
result  is  thot  with  the  diaphragm  the  microwave  power  reaches  large  values  for  a particu- 
lar magnetic  field.  This  resonance  of  the  microwave  emission  with  the  magnetic  field  sug- 
gests that  the  synchrotron  maser  process  is  a possible  explanation  of  the  emission.  More- 
over the  frequency  (8,6  GHz)  of  the  emission  is  slightly  above  the  cut-off  frequency  of 
the  TEq.  mode  (7,3  GHz)  predicted  from  the  theory.  In  order  to  check  the  polarization  of 
the  radiation  we  have  been  using  a photographic  method  (EFFEMEY,  H.G.,  1959)  as  illustra- 

ted in  Fig.  7.  The  microwave  power  enters  a circular  chamber  of  2,6  cm  length  where  a 
pressure  of  400  torr  in  Argon  is  maintained.  Microwave  breakdown  occurs  in  this  chamber 
ond  because  of  the  very  short  lifetime  of  the  radiation  one  can  expect  that  the  light 
emitted  by  the  gas  is  a picture  of  the  electric  field  intensity.  A photographic  picture 
is  there  taken  of  the  chamber.  An  example  of  a den s i t i me t r ic  measurement  of  these  pictures 
is  given  in  Fig.  8.  The  interesting  conclusion  is  that  the  shape  of  the  light  emission  is 
in  good  agreement  with  the  electric  field  distribution  of  the  TE,.,  mode.  The  points  of 
maximum  brigthness  are  also  at  the  positions  of  maximum  electric  rield  for  the  TEqj  mode. 

Now  it  is  interesting  to  investigate  the  beam  parameters.  Longitudinal  and  radial  current 
density  measurements  hove  been  performed  using  Faraday  cups.  As  shown  in  Fig.  9a,  except 
for  few  centimeters  behind  the  anode,  the  beam  current  is  homogeneous  along  the  magnetic 
field  direction  z.  Fig.  9b  shows  a radial  current  profile  which  has  been  found  to  be  inde- 
pendent of  z for  z > 3 cm.  From  these  measurements,  the  beam  oppeors  to  be  annular  and 
homogeneous  in  z.  Since  we  know  the  voltage  (0.7  MeV)  and  the  current  (810  A)  in  the 
waveguide  we  can  compute  the  electrical  power  and  the  microwave  generation  efficiency 

n = P /P  , . . , W lOt 

/ wave  electrical 

This  result  appears  very  interesting  for  a device  working  with  a large  current.  However 
in  order  to  scale  the  possibilities  of  such  a high  power  device  we  have  to  understand  how 
the  electrons  can  hove  a perpendicular  energy  Inversion  in  this  experimental  situation. 

As  shown  by  the  current  measurements  olong  the  z axis,  a virtual  cathode  is  propably  pre- 
sent behind  the  anode.  Electrons  flowing  through  this  virtual  cathode  can  increase  their 
perpendicular  energy.  Moreover  because  the  beam  is  limited  by  the  diaphragm,  electrons 
outside  the  geometrical  shadow  of  the  diaphragm  hole  should  have  a minimum  Larmor  radius 
in  order  to  reache  their  positions..  Therefore  population  inversion  could  occur  in  an  an- 
nular region  arround  the  beam  edge.  However,  we  should  point  out  that  at  present  we  do 
not  hove  clear  experimental  evidence  that  this  explanation  is  correct. 
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Prom  a pratical  point  of  view,  one  should  note  that  only  a small  fraction  of  the  diode 

current  flows  through  the  waveguide.  (The  diode  current  is  15  kA).  Therefore  the  prac- 

tical efficiency  is  much  less  than  10  %.  The  solution  to  this  problem  is  to  match  the 
diode  current  to  the  maximum  current  that  one  can  propagate  in  the  waveguide.  This  con 
be  done  by  the  use  of  much  smaller  Marx  generators.  In  the  future  the  aim  of  our  research 

program  is  to  understand  the  population  inversion  mechanism  with  currents  in  the  kilo- 

ampere  range.  This  will  be  done  using  small  Marx  generators  with  higher  duty  rates 
(10  Hz  ). 


2.  FRCOUENCY  CONVERSION  BY  BEAM  FRONT  SCATTERING. 

Beam  front  scattering  of  an  elec t romagne t ic  wove  hos  been  suggested  (GRANAT STEIN,  V.L., 
1975,  DOUCE T , H.J.,  1975)  as  a useful  process,  based  upon  the  relativistic  Doppler  effect 

(LANDECKER,  K.t  1962),  for  shifting  the  f requency  of  a short  and  intense  microwave  pulse 
towards  infrared.  In  recent  experiments  (GRANATSTE IN,  V. L . , 1976,  PASOUR,  J.A..  1977), 
microwave  reflection  on  a relativistic  electron  beam  has  been  observed  and  attributed  to 
beam-front  scattering.  The  associated  relativistic  Doppler  shift  found  experimentally 
was  in  agreement  with  a theoretical  beam  front  velocity  calculated  using  a f ree- s t reaming 
model  for  the  description  of  the  electron  motion. 

In  the  present  work,  microwave  reflection  is  observed  on  a relativistic  beam  front  propa- 
gating in  a gas.  The  experimental  conf igu ra t ion  is  shown  in  Fig.  10.  The  electron  beam 
is  produced  by  a P.I.  Pulserad  110  A device.  The  cathode  is  a 4 cm  diam  graphite  disk  lo- 
cated 1 cm  from  a 50  ^m  thick  titanium  foil.  The  diode  impedance  is  40/1  and  the  diode 
voltage  750  kV.  The  electron  beam  propagates  in  an  evacuated  circular  waveguide  (42  mm 
diam)  terminated  by  a Teflon  window.  The  diode  and  the  waveguide  are  immersed  in  an 
uniform  static  magnetic  field.  The  waveguide  is  then  connected  to  a rectangular  circular 
T shape  coupler  and  to  a large  conical  horn. 

The  incident  microwave  signal  is  provided  by  a pulsed  magnetron  (50  kW,  800  ns  pulse  du- 
ration, tunable  between  8.6  and  9.6  GHz).  The  microwaves  are  injected  into  the  circular 
waveguide  through  the  rectangular  - to  - circular  transition,  which  is  a bidirec t ionna  1 
3 dB  coupler,  exciting  each  side  of  the  circular  waveguide  with  opposite-phase  electric 
fields.  Therefore,  half  of  the  magnetron  power  leaves  the  device  through  the  conical 
antenna  and  is  monitored  by  an  X-band  detector  at  the  end  of  a 50  m delay  line.  The 
radiation  pattern  of  the  antenna  has  been  measured  an  it  agrees  with  the  theoretical  pre- 
diction for  the  TE^. . mode.  The  second  half  of  the  magnetron  power  propagates  towards  the 
electron  beam,  mainly  in  the  TEqj  mode.  The  reflected  signal  is  measured  in  the  K -band 
with  crystal  detectors  and  a 13  m delay  line.  ° 

Frequency  conversion  from  the  reflection  in  a waveguide  by  a mirror  moving  at  speed  v is 
given  by  ( GR ANAT ST E I N , V.L.,  1976) 

f,  = fCd  ♦ 2 ♦ P2)*2  (6) 

with  f'  ■=  v/c,  (I  - f*1^)  ‘ and  = v /c  where  v is  the  group  velocity  of  the  inci- 

dent  wave.  Since  in  our  exper iment , the  incident  wa$e  lies  in  the  X-band  and  the  expected 
reflected  wave  lies  in  the  K band,  we  see  from  eq.  (6)  that  we  need  a value  of  (*>  close 
to  0.7.  We  hove  chosen  to  adjust  the  value  of  the  beam  f ront  velocity  by  changing  the 
background  gas  pressure  in  the  waveguide,  holding  constant  all  other  parameters  the 
diode  voltage,  the  current  rise  time  and  the  magnetic  field  (5  kG). 

In  order  to  measure  the  beam  front  velocity,  two  B~  probes  were  located  on  the  surface 
of  the  waveguide  with  a spacing  of  68  cm  between  probes.  T ime-of -f 1 igh t measurements  bet- 
ween the  two  probes  allows  the  de t er mi  not  ion  of  an  average  beam  front  velocity.  Fig.  11 
shows  the  variation  of  this  beam  front  velocity  as  a function  of  the  air  pressure.  Taking 
into  account  the  delay  in  the  cables,  we  have  determined  the  beam  current  while  measuring 
the  beam  front  velocity  with  two  B^  probes.  As  shown  in  Fig.  12,  this  velocity  measure- 
ment is  made  when  the  beam  current  in  the  drift  tubes  is  half  of  the  peak  value  and  we 
can  thus  measure  the  beam  front  velocity.  Moreover  in  Fig.  11  we  see  that  we  reach  the 
value  ^ 0.7,  needed  for  the  reflection,  with  about  400  of  air. 

Working  with  a background  pressure  of  about  400  yj , without  incident  microwave  power 
from  the  magnetron,  we  observe  an  emission  in  the  K band.  Accurate  measurements  of  the 
propagation  delay  in  the  cables  and  in  the  waveguides  give  us  the  time  evolution  of  this 
emission  with  respect  to  the  current  (see  Fig.  12).  This  emission  occurs  when  the  current 
is  maximum  in  the  waveguide. 

When  the  magnetron  signal  is  applied,  other  stronger  spikes  appear  in  the  K bond  and  os 
shown  in  Fig.  12,  before  the  emission  of  the  beam,  when  the  current  reaches°abou t 2/3  of 
its  maximum  value.  This  signal  is  attributed  to  the  reflection  on  the  beam  front.  Since 
the  ft  values  for  the  reflection  in  the  K band  are  very  limited  around  0.7,  from  the  re- 
sults given  in  Fig.  13,  one  should  expect  that  the  pressure  is  a very  critical  parameter. 

As  a matter  of  fact,  the  K band  detectors  do  not  indicate  any  reflected  signal  when  the 
pressure  lies  outside  the  range  350-450  p . We  have  also  voried  the  magnetron  frequency 
fQ  and  measured  the  reflected  frequency  fj  with  a K^-band  delay  line.  The  results  are 


presented  In  Fig.  <6  ond  comportd  to  the  theoretical  curves  given  by  eg.  (6)  for  the 
TEm  and  TE*.  movies.  Fairly  good  agreement  is  found  for  fi  close  tv'  0.7.  Therefore,  the 
cor  responding  velocity  of  the  mirror  is  close  to  the  beam  front  velocity. 

Note  that  for  one  given  mognetron  f requencv  one  obseives  very  short  reflected  pulses 
with  slightly  different  frequencies  for  about  3 ns.  This  suggests  that  the  reflecting 
beam  front  is  the  result  of  a transient  phenomena. 


In  conclusion,  we  hove  observed  the  reflection  of  microwaves  on  a relativistic  electron 
beam  front  p r opoga t i ng  in  a gas.  The  mirror  velocity  deduced  from  the  r e 1 at i v i s t i c 
Doppler  shift  for  various  Incident  frequencies  agrees  with  the  beam  front  velocity  mea- 


sured with  probes,  we  have  also  shown  that  the  reflection  occurs  during  the  rise  time 
of  the  beam  current.  However,  the  reflected  power  has  not  vet  been  measured  and  the  re- 


flection coefficient  is  unknown.  The  specific  mechanism  for  the  change  of  the  waveguide 
cut  off  due  to  the  beam  front  in  a gas  has  not  been  determined.  These  two  points,  parti- 
cularly the  Importance  of  the  ionisation  front,  are  presently  under  lnves t igat ion . If 
ionisation  processes  participate  In  the  reflection  mechanism,  the  reflection  coefficient 
could  be  rather  small  (IAMPE,  M.,  1977). 


3.  COLLECTIVE  FREE  ELECTRON  LASER. 

The  basic  id  jo  that  propagation  of  an  electron  beam  through  a rippled  static  magnetic 
field  could  produce  microwave  radiation  is  due  tv'  Mot*  (Mot:,  H.,  19M).  Devices  like 

the  Ubitron  (Philips,  R.M.,  19ft0)  have  first  been  working  with  low  current  and  non  rela- 

tivistic electron  beams.  However,  since  the  wavelength  of  the  output  radiation  is  given 
bv 

K*  (7 ’ 
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where  f ■ (1  - v*/c  ) and  is  the  period  of  the  rippled  static  magnetic  field,  it  is 
more  interesting  to  use  r e l a t i v i s t i c beams.  The  work  of  Madev  et  ol  . (Modey, 

1971  ; Elias,  L.R.  et  al.,  1976  ; CVoc  on  , D.A.G,,  et  a l . , 1977)  has  shown  the  practical 
possibilities  of  producing  radiation  in  the  infrared  (10  |»m  and  3.4  |*m)  using  the  elec- 
tron beam  of  a LINAC  with  energies  in  the  70  - 50  MeV  range.  This  device  is  now  called  a 
free  electron  laser  and  the  production  of  r odiot ion  is  interpreted  vis  a single  particle 
phenomena,  the  induced  Compton  scattering.  However  this  interpret  at  ion  has  been  criti- 
cised by  Bernstein  and  Hirshlfield  (Bernstein,  l.B.  and  Hlrshfield,  .1 . L . ) because  a 
simple  linear  analysis  of  beom/r ipp 1 ed  magnet ic  field  equilibrium  con  yield  also  tv' 
instabilities  which  are  of  kinetic  origin. 

Nevertheless,  another  k ind  of  free  electron  loser  was  suggested  bv  $chle*inger  et  ol . 
(Efthimion,  P.E.,  Schlesinger,  S.P.,  1977).  The  basic  idea  is  that  if  one  use  an  intense 

relativistic  electron  beam,  collective  emission  of  radiation  will  occur.  Now  the  rippled 
magnetic  field  is  considered  vis  a "puwp  wove" . As  a matter  of  fact,  this  *:pio  frequency 
pumpM  in  the  Laboratory  f rome  appears  after  Larent*  t ronsf ormat ion , vis  a slow  electro- 
magnetic wvive  in  the  beam  frame.  If  the  wave  power  in  the  beam  f rome  is  large  enough, 

Roman  scattering  can  occur  and  a back  sc  at t er ed  wove  appears  in  the  Laboratory  frame  with 
a wavelength  given  vippros imot e 1 v bv  Eq.  7.  Therefore^  the  "collective  free  electron  laser" 
appears  as  the  reflection  by  a non  linear  phenomena  (Raman  scattering)  of  a "sero  pump 
frequency  wvive". 

Dawson  et  al.  have  given  a good  theoretical  description  of  a "collective  free  electron 
laser"  (kw an,  T.  ; Daw  son , J.M.  ; Lin,  A.T.,  1977).  However  the  model  is  not  realistic 
because  the  beam  is  infinite  and  there  is  no  magnetic  field  (except  the  helical  field  of 
the  pump  wvive)  to  assure  the  beam  propagation. 

Recently,  Sprangle  ( Sprang le,  P.  ; Dobrot,  A. T . , 1*78)  hove  token  into  account  the  guiding 

magnetic  field.  Their  theory  (vis  the  model  of  Dawson  et  a 1 . 1 predicts  good  t hear  e t ic  vil 
efficiencies  for  the  "collective  free  electron  loser". 

In  the  work  presented  here,  we  have  studied  two  important  aspects  of  a possible  experi- 
ment : 

a ) The  finite  geometrv  effects  and 

b)  The  excitation  of  the  "pump  wave". 

3.1  Finite  geometry. 

The  first  problem  one  has  to  look  is  the  dispersion  diogrom  in  finite  geometrv . The  model 
we  consider  is  an  homogeneous  cold  beam,  prop oga t i ng  with  on  axial  external  magnet ic 
f ielvl  B , in  a circular  waveguide.  In  the  beam  frame,  the  linear  dispersion  relation  can 
be  obtained  by  standard  techniques  (Bevc,  V.  ; Everhart,  T.C.,  19*2),  The  calc  u lot  ionx 

are  tedious  but  the  dispersion  diagram  and  the  po 1 or i t a t ion  of  the  modes  are  obtained 
using  o computer.  Because  the  nonlinear  wvive  coupling  theory  in  finite  geometrv  for  o 
cold  plasma  with  magnetic  field  is  a very  challenging  task,  it  is  more  s t might f orwor d 
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to  consider  the  cases  in  which  the  infinite  linear  beam  theory  gives  results  very  close 
to  the  finite  geometry  case.  Therefore,  the  solution  of  the  linear  problem  in  finite  geo- 
metry allows  us  to  predict  the  wave  satisfying  the  selection  rules  for  the  nonlinear  three 
waves  coupling  process,  but  estimation  of  the  nonlinear  growth  rate  is  made  from  well 
known  results  of  the  infinite  magnetized  plasma  nonlinear  plasma  theory.  Generally  when 
the  wave  number  is  not  too  small,  for  the  fundamental  modes  of  the  waveguide,  the  disper- 
sion diagram  and  the  polarization  are  close  to  the  well  known  results  in  infinite  plasma 
for  propagation  along  the  magnetic  field. 


When  this  is  the  case,  the 


"pump  wave"  (<U^/  ki)  in  the  beam  frame  can  be  a R.H.C.  polari- 
zed wave,  the  scattered  wave  a plasma  wave  (U)p,  kp)  and  the  back  scat  tered  wave  ((4)5,  kj) 
a R.H.C.  polarized  wave 
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Moreover,  using  classical  results  from  plasma  theory  (Wilhehmson,  H.,  1969)  one  can  eva- 

luate the  nonlinear  growth  rate  of  the  instability  in  the  beam  frame 
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3.2  Excitotion  of  the  "pump  wave". 

In  previous  works  (Efthimion,  P.E.  ; Schlesinger,  S.P.,  1977  ; Sprangle,  P.  ; Dobrot,  A.T.) 
it  is  assumed  that  the  beam  does  not  screen  the  rippled  magnetic  field.  However,  if  the 
modulated  magnetic  field  satisfies  the  linear  dispersion  relation  the  excitation  of  the 
"pump  wove"  will  be  much  stronger  and  this  is  a useful  circumstance  for  the  study  of  a 
nonlinear  phenomena.  Therefore  we  plan  to  excite  the  primary  wave  (U>'0,  kl)  with  a helical 
static  magnetic  field  of  period  A0.  This  zero  frequency  "wave"  in  the  laboratory  frame 
becomes  an  inf ra- 1 uminou s wave  in  the  beam  frame  and  con  match  forUJ^  belowCdu  the  disper- 
sion diagram  and  the  polarization  for  a R.H.C.P.W.  In  these  conditions,  this  last  wave  is 
resonantly  excited  and  the  induced  field  can  reoch  much  larger  values  than  the  external 
field  alone.  Matching  the  helical  field  with  the  dispersion  diagrom  of  the  beam  will  be 
made  by  tuning  the  longitudinal  magnetic  field. 

3.3  Determination  of  the  experiment  parameters. 

At  this  point  we  can  define  the  main  parameters  of  o possible  experiment.  In  our  research 
program  we  plane  to  wonk  first  at  0,75  MeV  (Experiment  A)  and  at  8 MeV  (Experiment  B). 

The  first  condition  one  has  to  satisfy  is  that  the  "pumpe  wave"  has  to  match  the  disper- 
sion curve  on  the  R.H.C.P.W.  This  yields  the  relation  : 


>p!  * 7 " ' 7>'|»V 


(10) 


where  xp  and  0);  = 2rfc/A0 . One  should  also  satisfie  the  condition  : 
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This  gives  a new  limitation  on  rj  : 
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(ii) 


Moreover,  assuming  that  the  beam  is  homogeneous  in  density  we  can  express  the  beam  current 

by  : 


1 = IATT2t2  (1  - rj)/rj 


(12) 
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• here  (kA)  ■ 17i3jf  , o/A0  and  a is  the  radius  of  the  waveguide.  Finally,  the  fre- 

quency conversion  'factor  and  the  resonant  magnetic  field  PQ  are  given  by 
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Equations  10  - 1.  iho«  that  thore  Is  an  upper  current  limit  : This  l.imit  i a function 
of  y only. 

Assuming  that  a » 0,  5 A for  both  experiments  we  found  : 


Experiment  A 1 * 13  2 k A 

max 


Experiment  B 1 c *04  MA 

mo  x 


These  values  are  much  larger  than  the  currents  one  can  reach  with  diode  impedances  around 
40 ft  Therefore  the  actual  current  limit  is  given  by  the  diode  current  and  by  the  limit 
current  one  can  transport  in  a magnetiied  waveguide.  One  can  make  the  following  estimates 


Experiment  A 1^7  kA  n * 0,94  and  — ^ * 9,6 

As 

for  A * Z cm  B *13  kGauss  iV  * 0.8 
o o flo  ' 


Experiment  P : I ^30  kA  rj  - 0,9  3 and  — _ 36  7 

» A s 


forA  6,3cm  8 30  kGauss  Av  * 0,8 

o o o o 


is  Ihr  maximum  energy  spread  of  the  beam.  This  limitation  results  from  the  requirement 
that  the  Laudau  damping  of  the  plasma  wave  has  to  be  small  : 


These  estimates  show  that  the  f requency  shift  one  can  obtain  are  close  to  the  theoretical 
value  Eg.  7 The  longitudinal  beam  spread  limitation  for  both  experiments  is  not  too  strong, 
but  difficulties  are  probably  to  be  expected  from  the  cyclotron  damping  of  the  pump  wave 
( t)  is  close  to  one!.  As  shown  bv  Eq.  12,  the  only  way  of  reducing  rj  is  to  increase  the 
beam  current,  and  the  main  problem  of  the  experiments  will  probably  be  the  difficulty  of 
propagating  a high  current  of  small  brigthness. 
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Figure  9b.  Measurement  of  the  radial  beam  current  profile  for  two  values  of  the  external 
magnetic  field.  B0  * 4400  G ; Bc  = 5000  G. 
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Figure  13.  Frequency  of  the  reflected  signal  as  a function  of  the  incident  frequency  pre- 
dicted for  ft*  0,7  in  the  case  of  the  T EQ  j mode  for  a 42  mm  diam  waveguide. 
fQ  and  fj  are  related  by  Eq.  6. 
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Figure  14.  Experimental  variation  of  the  reflected  signal  frequency  as  a function  of  the 

incident  frequency.  The  full  lines  correspond  to  predicted  variation  for  ft  » 0,7 
and  the  dotted  lines  for  ft  * 0,68  for  the  TE  j and  TEjj  modes.  Error  bars  indi- 
cate uncer taini t ies  du  to  finite  delay-line  length  and  duration  of  the  micro- 
wave  pulse. 
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Sovoral  coherent  omission  processes  operative  within  high  power,  wlativistic  electron  Ix'ams  have 
been  studied.  The  spectral  range  of  inteivst  extetwls  from  centimeter  to  suhmi  11  inrter  wavelengths.  H fort 
is  presently  concent  rat  Oil  in  two  areas:  ill  exploratory  Pew  IcuxtxMit  of  the  electron  cyclotron  maser 
Igvrotron)  for  millimeter  wave  sources,  aiwl  (2)  a basic  stiwlv  of  coherent  scattering  mechanisms  wherein 
meutent  micrvwave  radiation  is  Peppier  shitted  to  higher  frequencies. 

Hie  cyclotron  masers  (gvrotrons)  luwler  development  include  a gyro- travel  ling  wave  anplifier  designed 
to  operate  with  '80  kw  output  power  at  AS  l3lz.  Pus  amplifier  is  expected  to  have  a wide  bandwidth 
f~  1011.  Also  under  development  are  gyro  monotron  oscillators  of  widely  ranging  characteristics;  (11  .'00  kw 
at  AS  lit:;  and  (J)  I • 10  kw  at  .'SO  (31: . An  extensive  nonlinear  theorv  of  t Ik'  cyclotron  maser  has  been 
carried  out;  and,  phase  tra|iping  is  found  to  ho  the  most  important  saturation  mechanism  aiwl  efficiencies 
in  excess  of  SOI  have  boon  calculated. 

The  coherent  scattering  studies  employ  intense  relativistic  electron  beams.  Results  to  date  mcliwle 
backscattering  of  ;ui  iti|xit  wait’  of  500  kw  at  10  (31:  to  produce  an  exit jxit  wave  of  S Mb  at  SO  i3l:,  and  Kick 
scattering  of  an  input  waw  of  10  Mi  at  IS  (31:  to  produce  an  output  of  1 Ml  at  'SO  (31:. 

1.  INTROIUTION: 


In  recent  rears  their  has  been  considerable  renewed  interest  in  the  development  of  novel  electron 
devices  for  the  production  of  high  |X'wor  coherent  electromagnetic  radiation.  Ibis  renewed  inteivst  has 
been  motivated  largely  bv  the  realization  that  certain  processes  in  non  neutral  plasmas  can,  using  existing 
technology , produce  coherent,  electromagnetic  radiation  at  power  levels  far  in  excess  of  those  achievable 
bv  conventional  electron  devices.  In  the  present  paper  an  attempt  will  be  made  to  present  a brief  review 
of  wink  which  has  Ivon  jx'r  formed  at  the  Naval  Research  laboratory  .hiring  the  past  several  years. 

Vhe  work  which  will  be  discussed  involves  the  use  of  relativistic  processes  in  non  neutralized  electron 
beams.  lhe  electron  beams  themselws  may  tv  highlc  relativistic  or  only  weakly  relat  ivist  to , dc|X'iid  i ng 
upon  the  mechanism  and  the  object  iw  le.g.  , desired  powx'r  level,  efficiency,  pulse  length,  etc.).  I Vo  basic 
processes  haw  been  considered:  tlv  electron  cvciotron  maser  and  coherent  scattering  of  electromagnetic 
radiation  from  relativistic  electron  beams.  Hie  first  process  exploits  the  ta.t  that  the  electron  civ  lot  ton 
fwqix'ix.v  is  a function  of  the  relativistic  factor  > ot  an  electron  beam.  Ifio  second  process  (coherent 
scattering)  is  primarilv  an  exploitation  of  the  lorotit:  t ransfom.it  ions  which  come  into  pl.-n  .hiring  the 
interaction  of  electromagnetic  radiation  with  relativistic  particles. 

figure  l presents  a very  simplistic  sunnarv  of  the  experimental  data  pvak  jvwer  vs  l wqix'ix  \ 1 
obtained  from  the  above  mentioned  processes  and  other  processes  using  intense  relativistic  electron  beams. 
Die  data  (x'ints  aw  identified  as  to  the  responsible  mechanism,  llie  state  of  the  art  m conwnt lonal  tech 
no logy  (e.g.,  klystrons,  magnetron,  ubitron)  is  also  indicated  in  figure  l by  the  shaded  area . Although 
figurr  1 does  not  tell  tlie  whole  store  for  either  conventional  devices  or  the  pwsent  work,  it  is  clear 
that  significant  advances  have  been  made  in  terms  ot  power  available  and  in  frequence  range.  In  tlv 
remaining  sections,  a brief  review  of  the  tlieowtical  an.1  experimental  understanding  of  the  ivw  devices 
will  Iv  prevented . Section  11  discusses  the  wink  on  electron  cyclotron  masers.  Section  111  discusses  the 
work  on  coho wnt  scattering,  and  Section  IV  concludes  the  paper. 

ii.  rurroiN  iTi'U'tron  mvsi.r 


In  this  section  a brief  wview  will  lx'  giwn  of  the  theorv  aiwl  the  experimental  status  of  tlx'  electron 
cvciotron  maser,  for  historical  background  one  should  wfer  to  lUrshfield  and  liranatstoin  (19”) , Ibe 
. vc lot ron  maser  process  is  .leriw.l  from  a negatiw  miss  instabiliti  which  occurs  in  a western  ot  electrons 
gvrating  m a magnetic  field,  llie  instability  is  duo  to  tlx'  deix'ixience  of  the  eUvtron  miss  on  tlx' 
wlativistic  factor  j for  the  electrons.  A simple  physical  pictuw  of  the  instability  mechanism  can  be 
developed  bv  considering  the  wlativistic  particle  orbits  of  electrons  gvrating  in  a magnetic  field  in  the 
presence  of  an  applied  electromagnetic  wave.  Vhis  situation  is  schematically  illustrated  m figure  .'  for 
two  particles.  In  the  absence  of  the  electromagnetic  wave,  it  is  we  1 1 known  that  tlx'  particles  execute 
simple  circular  motion  about  the  applied  magnetic  field  with  a cyclotron  frequence . 
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i>x-  knows  frvin  the  theorv  of  relativity  that  a particle  with  wst  miss  m aiwl  wlocltv  v 
reference  frame)  has  an  energy 
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If  .xx'  considers  the  nvt  i.xi  of  a particle  for  a short  time  A t.  then  wv  can  write 
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Similarly,  if  a particle  is  acted  upon  for  a short  time  hv  a force 


F * -eF  (5) 

then  the  change  in  energy  of  that  particle  is 

fr  * -eF  • v a t lo) 

liquating  !•>)  and  16)  gives  eF  • vit 
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For  the  situation  shown  in  Figure  Z,  one  sees  that  Ay  > 0 for  particle  1 while  by  <.  0 for  particle 
From  equation  (l),  it  follows  that  A O <■  0 for  particle  1 while  a 41  > 0 for  particle  2.  Hence,  particle  1 
slows  down  in  its  cyclotron  motion  while  particle  2 speeds  up.  If  now  the  time  dependence  of  the  electric 
field  F(t)  is  chosen  such  that  the  electric  field  is  fully  reversed  when  particle  2 reaches  the  original 
position  las  shown  in  figure  ’)  of  particle  1,  the  process  will  continue,  i.e.,  particle  J will  continue 
to  gain  phase  while  particle  1 will  continue  to  lose  phase.  If  the  situation  is  arranged  so  that  more 
particles  gain  phase  (lose  energy  since  A y v 0)  than  lose  phase  (gain  energy)  then  by  conservation  of 
energy  the  electromagnetic  field  nnst  increase.  This  requires  that  the  wave  frequency  w slightly  exceed 
the  cyclotron  frequency  f,  . ivtailed  numerical  studios  of  this  process  of  phase  bunching  have  been 
reported  by  Spr angle  and  nrobot  (1977).  From  the  above  discussion,  one  sees  that  the  cyclotron  maser 
process  is  inherently  relativistic. 

A more  sophisticated  treatment  of  the  cyclotron  maser  requires  examination  of  the  plasma  dispersion 
relation.  This  is  obtained  by  examing  the  linear  solutions  ot  tlie  coupled  Vlasov -Maxwell  equations.  The 
sinplest  dispersion  relation  is  obtained  for  a cold  electron  distribution 


Fo  * 6 ll'i.  * ■’j.o1  (81 

where  p^  and  |\  are  tin'  trairsverse  anil  axial  momenta  respectively,  p 0 is  a constant  and  fi(x)  is  the 

lHrac  delta  fiuKtion.  Such  a distribution  is  ;m  approx imat iim  to  the  electron  beam  frame  ropresentation 
of  electron  distributions  used  for  cyclotron  maser  research.  In  this  sjxv i a 1 case,  the  dispersion  relation 
for  an  unbounded  plasma  becomes 
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Ibis  dispersion  relation  is,  of  course,  appropriate  for  an  electromagnetic  wave  propagating  in  the  z 
direction  along  the  applied  magnetic  field  l\,.  The  left  hand  side  (UlS)  of  (9)  is  s imply  the  dispersion 
of  light  in  vacuum.  The  right  hand  side  (RMS)  represents  the  presence  of  the  electron  plasma.  The  first 
term  on  the  RMS  is  singly  the  usual  plasma  dispersion  for  a right  hand  circularly  polarized  wave  in  a 
magnetized  electron  plasma.  The  second  term  on  the  RMS  is  clearly  of  relativistic  origin  and  is  indeed 
the  term  which  leads  to  the  cyclotron  maser  process  described  earlier.  Tlx-  last  tens  on  the  RMS  is  a term 
which  leads  to  bunching  in  the  direction  of  propagation  of  the  electron  beam,  i.e.,  along  the  applied 
magnetic  field.  This  so  called  axial  bunching  is  distinct  from  the  azimuthal  (perpendicular  to  the 
applied  magnetic  field)  bunching  described  above.  It  should  be  not  is  1 from  (9)  that  both  azimuthal 
bunching  and  axial  bmching  are  present  simultaneousli  and  enter  the  dispersion  relation  with  different 
signs.  A discussion  of  the  relative  importance  of  azimuthal  bunching  as  opposed  to  axial  bunching  has 
txx'ii  given  by  Chu  and  Hirshfield  (1978).  They  find  that,  from  a practical  standpoint,  azimuthal  bunching 
dominates  when 

> c" 

while  axial  hunching  dominates  when 

2 2-2 

U /li,  v c . 

In  the  case  where  axial  bunching  dominates,  one  is  dealing  with  an  instability  akin  to  those  studied  hv 
Weibel  (1959). 


Consider  the  case  u2  » k,  2 c 3 (i.e.,  k.  ~ 0 in  the  beam  frame)  and  recall  that  the  cyclotron 
maser  requites  iv  » 4^ . if  we  set  ^ * lh  ♦ fito  then,  retaining  only  the  dominant  terms,  the  dispersion 
relation  (9)  becomrs  t 
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ITx'  solution  of  (10)  is 
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It  is  clear  from  (li)  that  instability  exists  for  this  case  (k,  * 0 in  the  beam  frame)  only  when 

> J^crif 

The  existence  of  a critical  value  of  is  found  to  occur  in  more  complex  situations  also.  The 
value  of  (J  . derived  here  refers  to^the  rest  frame  of  the  electron  beam.  To  obtain  the  criterion 
in  the  laboratory  frame,  one  mist  make  the  appropriate  Eorentz  transformation. 

Kir  cases  of  interest  for  the  laboratory  production  of  cyclotron  maser  radiation,  one  wishes  to 
produce  the  radiation  in  a waveguide  or  cavity.  In  this  case  the  radiation  is  restricted  to  those  modes 
which  cun  propagate  in  the  waveguide.  The  dispersion  relation  given  in  (9)  is  modified  to  account  for  the 
conducting  walls.  Discussion  of  the  dispersion  relation  in  this  case  has  been  given  by  Friedman,  et  al 
119731  and  Ott  and  Manheimer  11975)  as  well  as  others.  Ihe  discussion  of  this  dispersion  relation  will  not 
be  t mated  here. 


Studies  of  the  non  linear  behavior  of  the  cyclotron  maser  have  been  carried  out  by  a number  of  authors 
(Jorv,  H. , 1968;  Zhurakovskiiy,  1964;  Rapoport,  et  al,  19t>7;  Nusinovich  and  Erm,  1972;  Demidovich , et  al, 
19’3;  Sprangle  and  Manheimer,  1975;  Spranglc  and  Itrohot,  1977).  Spr angle  and  Drobot  have  performed  the 
most  complete  study.  They  find,  as  in  the  discussion  of  (9),  that  there  is  a critical  value  ...  which 
rt,  (-  v /c)  must  exceed  for  the  cyclotron  miser  to  lie  operative  (the  value  of  f]  is,  of  co6fse, 
obiainea  from  linear  theory).  The  expression  for  the  critical  value  of  /j  is  (in  roe  case  of  parallel 
plate  geometry) 
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where  k is  the  perpendicular  wave  number,  n 
is  1>the  modified  plasma  frequency,  6pl?  ■ (1 
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tej,  is  roe  mouirieo  piasma  rrequency,  o - u * -ij  j.  riots  ot 
Figure  3.  It  can  be  seen  from  Figure  3 tnat  for  x « 1 0 - .5  while  w 
this  parameter  range,  ' ' 1 
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( - 1,  2,  3,...  is  the  magnetic  harmonic  number, 
riots  of  O^x^)  and  W i(xn)  are  given  in 

(hile  tv  -•  .25.  One  typically  works  in 


Sprangle  ;md  Drobot  show  that  the  saturation  mechanisms  for  the  cyclotron  instability  de|ionds  upon  jltc 
valiK'  of  relative  to  /}  ...  For  f)  > /)  . saturation  occurs  by  depletion  of  the  free  energy  in 

the  electroh  beam.  For  p 1 '">>/)  ■.  salilratiim  occurs  by  phase  trapping  of  the  electron  warn.  In  other 

words,  the  electric  field  gtows  t6  such  an  amplitude  that  the  electrons  become  trapjied. 

For  a given  saturation  mechanism,  one  can  estimate  the  efficiency  of  the  cyclotron  maser  process.  It 
has  been  pointed  ait  that  there  is  a critical  value  which  rt  must  exceed.  Therefore,  the  free  energy  per 
particle  available  for  the  electromagnetic  wave  is  A 

cfree  ^ox  *xcrit^rac  ’ 

Wt  ■ (1  - t.  crit>'  ' 

If  the  particles  were  to  lose  all  of  their  available  free  energy , then  the  efficiency  tj  is 

fro*  T'xcrit^ 

’’  * (yOA  - i)  (I5) 

In  the  case  whore  saturation  occurs  by  phase  trapping,  Sprangle  and  Drobot  estimate  the  efficiency  to 
be 

tj  ■ 2(a  o/w)  y0i/(yOA  ■ 2)  (lf>) 

where  Aa  is  the  frequency  shift  obtained  from  the  linear  dispersion  relation.  Figure  4 shows  the  com- 
parison among  the  efficiencies  predicted  by  (15)  and  (16)  and  that  obtained  from  computer  sintiation  of  the 
non  linear  particle  dynamics  (Sprangle  and  Drobot,  1977).  This  calculation  is  for  the  case  when 
u;  ^ / ( \ ^ * >1,  Other  cases  may  be  faind  in  Sprangle  and  Drobot,  1977.  In  general,  design  for  a 

specific  gvrotron  tube  requires  a detailed  design  study.  One  such  study  has  been  reported  by  Qiu,  et  al 
(1977)  for  the  case  of  a gvrotron  travelling  wave  amplifier.  This  study  resulted  in  the  design  of  an 
electron  cyclotron  maser  amplifier  with  predicted  operating  parameters  of  35  ill:  with  an  output  power  of 
340  kw,  a power  gain  of  2 db/cm  and  an  efficiency  of  511.  A schematic  of  the  resulting  amplifier  is  shown 
in  Figure  5 along  with  the  required  magnetic  field. 

The  experiments  on  the  cyclotron  maser  process  at  NR1.  began  with  fisidamental  experiments  cnploying 
single  intense  pulses  of  electrons  at  energies  in  the  megavolt  range.  These  experiments  produced  record 
peak  power  levels  over  a range  of  wavelengths  3 cm  > X > 4 mm  (Hirshficld  and  Granat  stein,  1977)  and 
yielded  considerable  insight  into  the  nature  of  the  cyclotron  maser  process  (Strangle  and  Drobot,  1977). 
Currently,  the  work  has  progressed  to  the  stage  of  building  experimental  models  of  practical  devices. 

These  eaploy  hot  cathodes  so  that  they  may  he  operated  either  repetitively  pulsed  or  with  very  long  single 
pulses;  voltages  arc  moderate,  V < 100  kV;  and  the  devices  enploy  carefully  designed  electron  guns  of  the 
magnetron- injection  type  to  optimize  device  efficiency. 

A 35  GHz  gyrotron  oscillator  has  been  designed  to  operate  with  a 70  kV,  8 A electron  beam  at  301 
efficiency.  The  configuration  is  shown  in  Figure  6.  In  initial  laboratory  tests  output  peak  powers  ip  to 
100  kN  have  been  achieved.  The  device  operates  at  the  fundamental  of  the  cyclotron  frequency 
(Bq  - 13.7  kG)  and  generates  a wave  with  azimthal  electric  field  in  TE°  mode.  Mode  conversion  from 

TE°  to  the  linearly  polarized  fundamental  mode  in  rectangular  waveguide  with  a loss  of  only  0.5  dB  has 
hceit  successfully  demonstrated.  The  pulse  length  of  the  35  Ulz  radiation  is  1.3  usee  with  a PRF  of  10  pps. 
Increasing  PRF  and  achieving  average  powers  up  to  10  kW  requires  improvement  in  the  beam  collector  hut  is 


n 


considered  to  ho  a straightforward  task.  Hittv  aro  plans  to  drive  this  gyrotron  from  a single  pulse 
10  millisecond  tnxkilator;  in  this  mode  of  operation  tlx*  gyrotron  will  ho  used  in  electron  cyclotron 
resonance  heating  (ECRH)  experiments  on  Tokamah  plasmas. 

In  addition  to  the  gyrotron  oscillator  work,  an  experimental  35  GHz  gyrotron  travelling  wave 
tub'll  tier  is  beiitg  fabricated.  The  feasibility  of  such  ;ui  anplifier  I vis  been  demonstrated  (Granat stein, 
ot  al,  19751  in  an  experiment  employing  an  intense  relativistic  electron  beam.  The  device  currently  under 
construction  is  shown  in  Figure  5.  It  will  employ  the  n.utx-  electron  gun  and  superconducting  magnet  used 
with  the  oscillator  described  above.  Tlx-  amplifier  will  operate  repetitively  pulsed  with  1 w second  long 
pulses.  Theoretical  design  (Sp tangle  and  lirobot . 19'7;  ihu,  et  al . 19"1  values  predict  an  output  peak 
power  of  280  kK,  an  efficiency  of  Sit  and  a small-signal  bandwidth  of  lot. 

kxperiments  are  being  prepared  to  examine  gyrotron  oscillators  and  amplifiers  operating  at  the 
second  harmonic  ot  the  eye  lotion  t rvquency , Exjvrimental  devices  resulting  from  this  work  should  be 
operational  in  19'9  and  will  exhibit  power  levels  of  ~ 100  kk  at  90  ill:  and  ~ 10  kK  at  250  lilt. 
Investigations  are  also  starting  into  optimizing  gyrotron  efficiency  by  axially  contouring  the  device 
radius  and  the  applied  magnetic  field  strength.  Modified  gyrotron  travelling  wave  anpl if ier  designs 
allowing  for  ultra -wideband  operation  (A*  t ~ -1011  are  also  being  considered.  The  theory  of  cyclotron 
maser  operation  at  harmonic  frequencies  has  been  discussed  by  Chu  (19'8). 

111.  aHUJtlh’T  SCATTKR1NG 


A low- frequency  electromagnet ic  |xutp  wave  can  be  hackscattored  from  an  electron  stream  producing  a 
high-frequency  electromagnetic  wave  if  the  (amp  wave  vector  is  antiparallel  to  the  electron  velocity.  The 
frequence  upshift  can  lx-  seen  by  noting  that  in  the  reference  frame  where  the  electron  streaming  velocity 
is  zero  (i.e.,  the  beam  front.'  in  which  quant  it  ics  will  be  primed)  the  frequency  and  wave  numlx't  of  the 
punp  wave  are  given  bv 
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(v.)  is  the  mean  axial  velocity  of  the  electron  stream  m the  laboratory  frame 


wlx're  y 

and  (<(ilj  k^)  are  the  freqix'ncv'and  wave  number  magnitude  of  the  punp  wave  in  the  laboratory  frame.  The 
direction  of  tlx-  (xutp  wave  has  lx>en  taken  to  bo  antiparallel  to  the  direction  of  tlx-  of  the  electron  stream 
in  the  laboratory  frame;  i.e.,  k *yV  ) v 0.  The  frequency  of  the  scattered  wave  in  the  laboratory  frame  is 

«s  -\„K#  * <vz>V' 

where  (<^.' , k^' 1 ate  tlx-  frequency  ;uid  wave  number  of  the  scattered  wave  in  the  electron  rest  frame. 

Typically  in  the  electron  ivst  f rami'  the  frequency  of  the  scattered  wave  is  nearly  equal  to  the 
frequency  of  the  incident  punp  wave,  while  the  scattered  wave  vector  is  opposite  in  di  recti  cm  txit  nearlv 
tx)ual  in  magnitude  to  the  incident  wave  vector;  i.e., 

to  /w  vo  aixl 


Then  combining  (I'l  through  (191  gives 
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If  the  |xmp  frequency  in  the  laboratory  frame  is  much  larger  than  the  characteristic  frequencies  of 
the  system,  the  free  space  dispersion  relation  to0 
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- ck  holds  for  the  punp  wave  and  (201  becomes 
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It  should  be  appreciated  that  the  frequency  conversion  factor  in  (211  (1  * <v.)/c!  v can  lx-  large.  For 
example,  if  the  electron  streaming  energy  is  2MeV,  v - 5 and  <v_)/c  » 1 so  that  ioj.  /io0  w 100.  Thus  a 
3-cm  pump  wave  would  prvxtuce  a .300 -um  scattered  wave. 


Stimulated  scattering  of  photons  by  an  electron  ensemble  was  first  predicted  I"  kapitza  and  Pirac 
(1955).  Consider  the  details  of  this  process  in  the  beam  frame  depicted  in  Figure  7.  Die  incident  pump 
electromagnetic  wave  Uo  'k')  has  a transverse  electric  field  K ' which  excites  a zcro-orvk'r  transverse 
oscillation  of  the  electlonS  with  velocity 
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where  / • [ 1 - (v  * /cl  ] • . In  the  presence  of  an  incipient  backseat terod  ware  (a>s  ,ks* ) with  magnetic 

field  8/  e , :m  axial  force  ev  '8  J is  exerted  on  the  electrons.  Hie  coupling  between  the  scat tered 
S X o s z 

electromagnetic  ware  and  the  incident  wave  thus  produces  a pondermotive  force  (radiation  pressure  force) 
which  leads  to  a low-frequency  density  modulation  of  the  electrons  (,o ' k'  1 and  a grouping  of  the  electrons 
into  bunches  distributed  along  the  z axis.  The  complete  expression  for  the  pondermotive  force  is  given  bv 
f * - e(v  ' x R.'  ♦ v ' x R 'l.  The  frequency  and  wave  number  of  the  electron  density  modulation  satisfies 
the  following  conservation  iSws: 
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where  k'  . k ' , and  ks'  are  positive  real  quantities  denoting  wave  monhor  magmtvxles.  Lit  should  lx'  noted 
that  typically  J v<U'0 ' ;uid  k'  <=<  2k0'  so  that  the  approximate  equalities  of  (191  are  satisfied.] 


The  growth  of  the  density  nxxtulat ion  gives  increasing  coherence  to  the  scattering  process,  resulting 
in  a growing  scattered  wave  which  in  turn  increases  the  density  modulation  still  further.  Thus,  there  is 
a feedback  mechanism  in  this  process  which  mav  result  in  an  instability  and  exponential  growth  of  the 
scattered  wave. 
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The  growth  rate  for  the  stimulated  scattering  instability  depends  on  a number  of  factors,  viz.  the 
strength  of  the  punp  wave,  the  wavelengths  of  the  incident  and  scattered  waves,  the  electron  density,  and 
the  electron  temperature.  It  is  useful  to  distinguish  between  two  regions  of  parameter  space,  one  in  which 
the  Itebye  length  of  the  electron  ensemble  is  small  compared  to  the  electromagnetic  wavelengths 
(stimulated  Raman  scattering),  and  the  other  in  which  the  Debye  length  to  wavelength  ratio  is  not  small 
(stimulated  Conpton  scattering). 


The  relations  between  the  electron  distribution  in  axial  velocity  f(v  ')  and  the  phase  velocity  of 
the  density  wave  are  shown  in  figure  8.  for  the  case  of  stimulated  Raman  spattering,  as  depicted  in 
figure  8(a),  the  magnitude  of  the  density  wave  phase  velocity  is  much  larger  than  the  thermal  velocity, 
i.e. , 
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In  such  a situation,  the  entire  electron  distribution  participates  in  the  density  wave  which  takes  the 
form  of  a collective  plasma  oscillation;  i.e.. 


(25) 


where  is  the  invariant  plasma  frequency.  Upon  substituting  (23)  and  (25)  into  (24),  one  finds  that 

the  following  inequality  is  implied  for  the  Debye  wave  number  k^'  - u.  /v^'  : 

V >>  ko'  + V • C2t>) 


Thus,  in  the  case  of  stimulated  Raman  scattering,  figure  8 (a),  the  Debye  length  of  the  electron 
ensemble  U^'  - 2n/k[j'  ) must  be  smaller  than  the  wavelength  of  either  the  incident  or  scattered  waves. 


Stimulated  Raman  scattering  has  been  analyzed  in  connection  with  laser  pellet  interactions  (Manheimer 
and  Ott,  1974)  and  ionospheric  effects  (ferkins  and  Kaw,  1971),  as  well  as  the  production  of  submillimeter 
waves  (Sprangle  and  Granatstein,  1974;  Sprangle,  et  al,  1975)  The  expression  for  the  Raman  growth  rate  in 
an  unmagnetized  electron  stream  may  be  extracted  from  the  literature  (Sprangle  and  Granatstein,  1974)  and 
takes  the  form  J 

Ir'  » .5  (vo'/c)(uy<o  ) (27) 


where  v^'  is  given  by  (22).  Equation  (27)  is  the  Raman  growth  rate  in  the  beam  frame  under  the  condition 
that  1. 1 « Wc'  • The  growth  rate  of  (27)  depends  linearly  on  the  oscillation  velocity  excited  by  the 
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pump  wave,  and  an  order  to  have  a reasonably  large  growth  rate  in  a laboratory  device,  one  requires  a very- 
strong  pump  wave  source. 


In  order  to  satisfy  the  Raman  scattering  condition  of  (26),  a dense  and  cold  electron  distribution  is 
required.  When  the  electron  distribution  is  tenuous  or  warm,  it  becomes  difficult  to  achieve  the  condition 
in  (26).  In  that  case,  the  phase  velocity  of  the  density  disturbance  overlays  the  electron  distribution 
function  as  shown  in  figure  8(b),  and  only  those  electrons  in  the  vicinity  of  v ' * <e ' /V  participate  in 
the  stimulated  scattering  process.  This  type  of  scattering  is  known  as  stimulated  Compton  scattering.  Its 
potential  for  generating  submi llimeter  waves  was  first  investigated  theoretically  by  Pantell , et  al  (1968). 
Elaboration  was  subsequently  furnished  by  Sukhatme  and  Wolff,  1973  (1974)  who  considered  boundary  effects 
and  magnetization. 


The  following  expression  has  been  derived  for  the  Compton  growth  rate  (Itasegawa  et  al,  1970) 
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Unlike  the  Raman  growth  rate  in  (27),  the  Compton  growth  rate  of  (28)  depends  strongly  on  the  electron 
thermal  velocity  and  decreases  rapidly  as  the  electron  stream  becomes  warmer. 


Recently,  Sprangle  and  Granatstein  (1974)  and  Sprangle,  et  al  (1975)  have  extended  the  analyses  of 
Raman  scattering  to  produce  results  which  are  directly  applicable  to  the  production  of  submiUimcter 
radiation.  In  this  work  the  growth  rate  of  the  backscattered  wave  was  shown  to  increase  when  an  external 
constant  magnetic  field  BQe,  was  applied  and  its  strength  adjusted  so  that  up,  ' » . where 

n'  = |e|B  /m  c is  the  electron  cyclotron  frequency.  The  transverse  electron  velocity  in  the  beam  frarnie 
then  becomes  0 . . , 

v°  * PiaV  %y  ■ (29) 

In  (29),  the  pump  frequency  or'  must  satisfy  a dispersion  relation.  The  dispersion  relation  of  the  pump 
wave  in  the  magnetized  electron  stream  in  the  beam  frame  is 
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Hence  ro„ 
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cannot  be  made  arbitrarily  small  and  is  determined  by  the  dispersion  relation  in  (30). 


The  temporal  growth  rate  for  the  stimulated  magnetoresonant  scattering  process  has  been  derived  in  the 
beam  frame  as  (Sprangle  and  Granatstein,  1974)  y v £ 


V # / W ' \ 1 

%'  - r “s'  \ 72/  • 


(31) 


The  laboratory  frame  growth  rate  for  the  stimulated  scattering  instability  may  lie  found  from  the  beam 
frame  growth  rate  through  the  relationship  p . ->  (,  + y »<v  >/cYV  Kherc  v • is  thc  grou,,  velocity 

of  the  pump  wave  in  the  beam  frame.  Results  for pirameter^  characteristic  of  an  intense  relativistic 
electron  beam  (2  MV,  30  kA)  are  presented  in  Figure  9 as  a plot  of  c/r  versus  v /c.  It  will  be  noted  that 
when  thc  oscillation  velocity  induced  by  the  pump  wave  is  one-tenth  the  speed  or  light  (vQ/c  ■ 0.1),  thc 
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e-folding  length  for  the  instability  is  on  the  order  of  a few  centimeters,  short  enough  to  he  of 

practical  interest.  The  pump  wave  field  required  to  achieve  the  condition  v /c  - 0.1  is  of  order 

EQ  ~ Ur V/cm,  corresponding  to  a |>ower  density  in  the  pump  wave  of  tens  of  megawatts  per  square  centimeter. 

A number  of  mechanisms  may  he  responsible  for  saturating  the  hackscattered  wave.  For  exanple,  in 
the  case  of  stintilated  Raman  scattering,  thermal  i tat  ion  of  the  electron  stream  to  the  point  where 
vn|/  ^ wl ' ' result  in  the  trapping  of  the  electrons  in  the  potential  well  of  the  density  wave,  thus 

stopping  the  scattering  process. 

In  the  stimulated  Compton  regime,  saturation  occurs  when  the  electrons  fall  to  the  bottom  of  the 
potential  well  associated  with  the  density  fluctuation.  Therefore,  for  an  instability  to  occur  in  the 
Coopton  region,  the  Compton  growth  rate  mist  be  mich  greater  than  the  frequency  of  oscillation  (bounce 
frequency)  of  the  electrons  in  the  potential  well.  Since  the  bounce  frequency  is  proportional  to  the 
square  root  of  the  amplitude  of  the  longitudinal  fluctuation,  an  estimate  for  the  maximum  anplitude  can 
be  obtained. 

Finally,  depletion  of  the  energy  in  the  pimp  wave  may  also  place  limits  on  the  energy  in  the  back- 
scattered  wave.  A discussion  of  saturation  mechanisms  has  been  given  by  Sprangle  and  Drobot  (1978).  The 
results  of  this  study  are  summarized  in  Table  I. 


In  an  initial  experiment  at  NRL  (Granatstein,  et  al,  1977a),  a single  intense  electron  beam 
(y*  S,  I - JO  kA)  was  split  into  two  regions  and  used  both  to  generate  the  pimp  wave  (A  * 2 cm,  I’  ~ 100  MW) 
and  subsequently,  to  wiggle  the  beam  in  this  wave  to  produce  a super  null ant  oscillator  St  a wavelength 
A * A / = 400  ^m.  iXitput  power  was  ~ 1 MW.  In  this  arrangement,  it  was  difficult  to  simultaneously 
optimize  ttbth  for  pump  wave  generation  and  stimulated  scattering,  and  to  carefully  study  each  process 
individually. 

An  improved  experiment  is  new  underway  which  employs  two  intense  electron  beam  accelerators  which  are 
synchronized  in  time.  The  arrangement  is  shown  in  Figure  10.  A smaller  600  kV,  6 kA  (xilser  injects  a beam 
into  a relativistic  magnetron  structure  of  unique  design  (Granatstein,  et  al , 1977b).  The  magnetron  is 
designed  to  operate  with  504  efficiency  producing  a pump  wave  at  AQ  * 10  cm  and  PQ  - 1.8  GW. 

The  magnetron  wave  will  also  be  used  as  the  "wiggler"  field  in  a stimulated  Raman  scattering  experi- 
ment on  a 7 MeV,  100  KA  electron  beam,  rhe  scattered  output  radiation  will  be  at  A„  ~ 7 nm.  Using  a 
recent  non  linear  analysis  of  the  scattering  process  (Sprangle  and  Drobot , 1978)  one  calculates  that  ~ 104 
of  the  electron  beam  enpj'gy  may  be  converted  into  radiation  at  A.  * 2 mm.  This  would  correspond  to  an 
output  power  of  P.  ~ 10  ° watts;  realization  of  even  a fraction  Of  this  theoretical  value  would  represent 
phenomenally  large  power  at  millimeter  wavelengths. 

A second  set  of  experiments  is  also  underway  at  NRL  in  collaboration  with  researchers  from  Columbia 
University.  These  experiments  employ  a static  spatially  periodic  magnetic  field  to  "wiggle"  the  intense 
relativistic  electron  beam.  Prelimiinary  experiments  (Marshall,  et  al,  1977)  have  produced  a super- 
radiant oscillator  at  A„  “ 2 im  At,  /A„  - 74,  and  P * 8 MW.  The  thrust  of  the  work  at  NRL  is  to  employ 
a quasi-optical  cavity  to  improve  cOhc fence  of  the  Output  radiation.  The  configuration  is  shown  in 
Figure  11. 

IV.  CONCLUSION 

A brief  review  has  been  given  of  the  experimental  and  theoretical  work  underway  at  NRL  on  the  use  of 
relativistic  processes  in  electron  beams  for  the  production  of  coherent  microwave,  millimeter  wave,  and 
submillimeter  wave  radiation.  It  is  clear  that  the  processes  discussed  have  considerable  potential  for 
producing  dramatic  increases  in  the  available  pewer  in  the  wavelength  range  discussed.  The  devices 
discussed  are  tunable  and  have  significant  bandwidth  capability.  This  new  technology  is  expected  to  have 
broad  application  in  a nimber  of  fields  of  physics  and  engineering. 

REFERENCES 

•Science  Applications,  Inc.,  McLean,  Virginia  22101 
fJAYCOR,  Inc.,  Alexandria,  Virginia 

1.  Chu,  K.  R. , 1978,  "Theory  of  Electron  Cyclotron  Maser  Interactions  in  a Cavity  at  the  Harmonic 
Frequencies",  NRL  Memorandum  Report  3672.  . 

2.  Chu,  K.R. , Drobot,  A.T.,  Granatstein,  V.L.  and  Seftor,  J.L. , 1977,  "Calculation  of  tyitimum  iterating 
Parameters  for  a Gyrotron  Travelling  Wave  Amplifier",  NRL  Memorandum  Report  3553. 

3.  Chu,  K.R.  and  llirshfield,  J.L.,  1978,  "Conparat ive  Study  of  the  Axial  and  Azimuthal  Bunching  Mechanisms 
in  Electromagnetic  Cyclotron  Instabilities",  Phys ■ Fluids  21  (3). 

4.  Demidovich,  E.M. , Kovalev,  I.L. , Kurayev,  A. A.  and  SievchenJTo , F.C. , 1973,  "Efficiency  optimized 
cascaded  circuits  utilizing  the  cyclotro:.  iisonance",  Radiotckhnika  i Electronika  18,  p.  2097. 

5.  Friedman,  M. , It  inner,  D.A. , Manlieimer,  W.M.  and  Sprangle,  P. , 1973,  "Enhanced  microwave  emission  due  to 
the  transverse  energy  of  a relativistic  electron  beam",  Phys.  Rev.  Lett . , 31,  p.  752-755. 

6.  Granatstein,  V.L.,  Parke!1',  R.K.,  Pasour,  .I.A.,  Sprangle,  Pf.  and  Drobot,  A.T7,  1977b,  "Coherent  Micro- 
wave  Scattering  from  Intense  Relativistic  Electron  Bcams-A  Powerful  lima hie  Source  of  Millimeter  and 
Submillimeter  Radiation",  Proc.  of  2nd  International  Topical  Conference  on  High  Power  Electron  and  Ion 
Beam  Research  and  Technology,  Cornell  University,  Ithaca,  New  York,  p.  675-690. 

7.  Granatstein,  V.L. , Schlesinger,  S.P. , Herndon,  M. , Parker,  R.K.  and  Pasour,  J.A. , 1977a,  "Production 
of  Megawatt  Submillimeter  Pulses  by  Stimulated  Magneto  Raman  Scattering",  Appl.  Phys.  Lott.  30,  p.  384. 

8.  Granatstein,  V.L. , Sprangle,  P. , Herndon,  M. , Parker,  R.K.  and  Schlesigner,  S.P. , 1^757  'Microwave 
Anplification  with  an  Intense  Relativistic  Electron  Beam",  J.  Appl.  Phys.  46,  p.  3800. 

'9.  Hascgawa,  A.,  Mina,  K. , Sprangle,  P.,  Szu,  H.H.  and  Granatstein,  V.L. , 19767  "Limitation  in  Growth  Time 
of  Stintilated  Con^ton  Scattering  in  X-ray  Regime",  Appl ■ Phys.  Lett.  29,  p.  542. 


39-7 


' 


10.  Hirshfield,  J.L.  and  Granatstein,  V.L.,  1977,  "Hie  Electron  Cyclotron  Maser-An  Historical  Survey", 

IEEE  Trans.  MIT- 25,  p.  522-527. 

11.  Jory,  H. , 1968,  "Investigation  of  electronic  interaction  with  optical  resonators  for  microwave 
generation  and  amplification",  Research  and  Development  Technical  Report,  EOQM-01873-F,  Varian 
Associates. 

12.  Kapitza,  P.L. , and  Dirac,  P.A.M. , 1933,  Proc.  Cambridge  Phil.  Soc.,  Vol  29,  p.  297. 

13.  Manheimer,  W.M.  and  Ott,  E. , 1974,  'Theory  of  Microwave  Generation  by  an  Intense  Relativistic  Beam 
in  a Rippled  Magnetic  Field",  Phys.  Fluids  17,  p.  463. 

14.  Marshall,  T.C. , Talmadge,  S. , and  EfthimionTT’. , 1977,  "High-Power  Millimeter  Radiation  from  an 
Intense  Relativistic  Electron- Beam  Device",  Appl.  Phys.  Lett.  31,  p.  320. 

15.  Nusinovich,  G.S.  and  Erm,  R.E. , 1972,  Elektronnaya  Tekhnika,  Sec.  1,  Elektronika  SVCH,  No.  2,  p.  55. 

16.  Ott,  E.  and  Manheimer,  W.M. , 1975,  "Theory  of  c.i  rowave  emission  by  velocity-space  instabilities  of 
an  intense  relativistic  electron  beam",  IEEE  Trts.  Plasma  SC.,  Vol.  PS- 3,  p.  1-5. 

17.  Pantell,  R.H. , Soncini,  G. , and  Puthoff,  H.E.,  15 J8,  IfeEE~J . (Xian turn  Electron,  QE-4,  p.  905. 

18.  Perkins,  F.  W. , and  Kaw,  P.K. , 1971,  J.  Geophys.  Res.  76,  p.  Z82.  , 

19.  Rapoport,  G.N.,  Nemak,  A. K.  and  ZhuraEovskiy,  V. A. , 1957,  "Interaction  between  helical  electron  beams 
and  strong  electromagnetic  cavity  fields  at  cyclotron  frequency  harmonics",  Radiotekhnika  i.  Electronika 
Vol.  12,  p.  587. 

20.  Sprangle,  P.  and  Qrobot,  A.T.,  1977,  "The  Linear  and  Self-Consistent  Nonlinear  Theory  of  the  Electron 
Cyclotron  Maser  Instability",  IEEE  Trans.  Microwave  Theory  and  Techniques , MIT-25,  6. 

21.  Sprangle,  P.  and  Drobot,  A.T. , 1978,  ''Stimulated  Backscattenng  from  Relativistic  Unmagnetized  Electron 
Beams",  NRL  Memorandum  Report  3587. 

22.  Sprangle,  P.  and  Granatstein,  V.L.,  1974,  "Stimulated  cyclotron  resonance  scattering  and  production  of 
powerful  submillimeter  radiation”,  Appl.  Phys.  Lett.  25,  p.  377. 

23.  Sprangle,  P. , Granatstein,  V.L.  and  Baker,  L. , 1975,  "Stimulated  Collective  Scattering  from  a 
Magnetized  Relativistic  Electron  Beam",  Phy.  Rev.  A 12,  p.  1697. 

24.  Sprangle,  P.  and  Manheimer,  W.M. , 1975,  "Coherent  nonlinear  theory  of  a cyclotron  instability",  Phys. 
of  Fluids  18,  p.  224-230. 

25.  Sukhatme,  VTP.  and  Wolf,  P.E. , 1973-1974,  J.  Appl.  Phys.  44,  p.  2331  and  IEEE  J.  Quantum  Electron, 

QE-10,  p.  870. 

26.  Weibel,  E.S.,  1959,  Phys.  Rev.  Lett.  2,  p.  83. 

27.  Zhurakovskiy , V.A. , 1964 , "Using  an  averaging  method  to  integrate  nonlinear  equations  for  phase- 
synchronous  instruments",  Radiotekhnika  i.  Electronika,  Vol  9,  p.  1527. 


: 


Table  I.  Summary  of  Collective  Wave-Wave  Scattering  Results  in  the  Laboratory  Frame 
for  a Highly  Relativistic  Electron  Beam.  The  parameters  are  defined  as 

P»  ~ = M£„/(y„'V%c)./3,  = (32  )~1/2  y0_5/2f  3/2, /3crj,  = y(,"3':f  ,/2. 

£ =“  lupho2  )/<u«  and  A«th/« ” 2y3  (v,h/c)/(y0  -1). 
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FIGURE  1.  Peak  power  vs  frequency  obtained  using  relativistic  electron  beams.  The  appropriate 
mechanisms  are  identified.  The  state-of-the-art  using  conventional  tubes  is  indicated 
by  the  s bailed  region 
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FIGURE  2.  Instantaneous  it  ■ (1)  vector  relationships  of  the  wive  fields,  the  external  magnetic 

field,  the  positioas  ipoints  1 mid  2),  mid  the  perpendicular  velocities  of  two  electrons. 
The  projection  of  the  unperturbed  electron  orbit  is  shown  by  the  dashed  circle. 


IIUIRF  S.  Configuration  of  the  NRI.  S5  t3lr  gyro  travelling  wave  amplifier,  (Design  parameters : 
20  iUi  gain,  280  kw,  F.ff  - Sit.  tvuvlwith  lot) 


16 

AXIAL  |2 
MAGNET 
FIELD  8 
(KG)  4 

0 


EH  HYLLIA 
WINDOW 


TO  VACUUM 
SYSTEM 
(IO*  TORN) 


FIGURE  0.  Configuration  of  the  NKI.  TS  till:  gvrotron  oscillator,  (Design  parameters:  v - 70  kv, 
I - 8 A,  Eff  - TOt,  n - 170  kw) 
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HGURli  0.  Exponential  growth  length  for  stimulated  Raman  scattering  instability  in  a magnetized 
electron  beam  (A0  - : cm,  *s  - 440  um,  y - S,  u'p/-n  ■ 3 Hit.  (Vhry  - R Ulz). 
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FIGURE  10.  Experimental  configuration  for  ultra  high  power  millimeter  wave  st imitated  Raman 
scattering  experiment. 


-1MV 


FIGURE  11.  Experimental  configuration  for  optical  cavity  experiment.  M.  ;ind  M,  are  adjustable  plane 
mirrors.  The  initial  expansion  of  the  electron  beam  decreases  transverse  temperature  thus 
improving  conditions  for  st  Ululated  Raman  scattering. 


DISCUSSION 
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Figure  4 indicates  a maximum  practical  efficiency  on  simulation  of  about  40‘'<\  yet  Figure  5 indicates  a practical 
design  aim  of  5 1'  !-.  How  are  these  two  values  of  efficiency  reconciled? 

< Author's  Reply 

The  simulation  shown  in  Figure  3 was  for  particular  beam  conditions.  The  results  were  useful  in  pointing  the 
way  towards  more  optimum  conditions.  Hence  efficiencies  greater  than  SO*  ?•  can  be  contemplated  in  optimised 
structures.  Figure  3 was  presented  to  illustrate  the  effects  of  the  physical  constraints,  not  to  show  the  optimum 
result  of  the  simulation. 
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ANALYSIS  OF  OPTICALLY  PUMPED  CW  (CONTINUOUS  WAVE)  FIR  (FAR  INFRARED) 
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Summary  : 

Multitude  of  CW  laser  lines  providing  stable  output  at  the  mW  level  are  now  available  between 
40  pm  and  2 mm  since  the  advent  of  optically  pumped  CW  FIR  lasers  O),  In  this  paper  we  concentrate 
essentially  on  the  different  aspects  of  the  FIR  power  optimization  and  start  the  discussion  from  a' 
simplified  analytical  expression  of  the  FIR  power. 

\ . Int voduc t ion  to  the  optically  pumped  CW  FIR  lasers  : 

I . I . Bas  ic_gr  inc  iples_and_jnimg i ng_ schemes  : 

The  basic  pumping  scheme  of  a CW  optically  pumped  FIR  laser  is  represented  in  Figure  l.  The  opti- 
cal pumping  of  the  polar  molecule  is  associated  with  a vibrational  rotational  transition  in  near  coinci- 
dence with  an  infrared  emission  line  of  the  pump  laser  (CO?,  N>0...).  Since  the  thermal  population  in 
the  upper  vibrational  state  is  very  small,  an  inversion  of  population  is  readily  established  between  the 
pumped  level  and  the  subjacent  rotational  levels  and  the  FIR  laser  emission  arises  from  a rotational 
transition.  The  short  rotational  lifetime  ( Trodf'"’**  sec  Torr“M  due  to  collisions  between  the  molecules 
which  tends  to  thermal ize  the  population  of  the  vibrational  manifold  is  responsible  of  the  low  operating 
gas  pressure  of  these  lasers.  The  vibrational  relaxation  ( 10“  ' sec .Tor  r*  oto  the  ground  state  occurs 

mainly  through  diffusion  to  the  walls  or  vibrat ion-translat ion/rotation  processes.  The  energy  level  dia- 
grams of  Figure  I is  typical  of  symetric  - top  molecules  Assvmetric  top  molecules  (e.g.  CHpMO  have 

a more  dense  spectrum  (?)  which  explains  the  abundance  of  their  FIR  transitions  but  the  pumping  cycle 
scheme  of  Figure  1 to  consider  in  the  evaluation  of  the  FIR  power  efficiency  remains  a good  approxima- 
tion at  least  for  not  too  short  FIR  wavelength  t 40  pm), 

1.2.  Descr ipt ion_of_an_experiment al _se t -up_for_high_FIR_power_cf f ic iency  : 

The  experimental  set-up  used  in  our  experiments  consists  of  a grating  tuned  CO ■»  laser  and  an  over- 
sized FIR  waveguide  resonator  (see  1.4).  The  COi  laser  is  1 .70  m long- and  has  a discharge  length  of 
1.20  m.  Roth  Rrewster  windows  and  output  mirror  are  made  of  zinc  selenide.  The  output  mirrot  is  mounted 
on  a piezoceramic  translator  which  allows  a fine  frequency  tuning  over  a f»0  MHz  range.  About  30  watts 
are  obtained  on  the  strongest  lines  and  up  to  20  watts  on  the  weaker  ones  in  single  mode  operation.  The 
FIR  resonator  is  mounted  on  an  invar  support  structure  for  thermal  and  mechanical  stability.  The  cavity 
is  composed  of  a standard  pvrex  tube  (2m  long  and  's  mm  inner  diameter)  and  of  two  go  Id  -coated  flat  mir- 
rors. Injection  of  the  CO?  pump  into  the  FIR  cavity  is  accomplished  by  focussing  the  radiation  through 

a 2 mm  hole.  The  FIR  is  essentially  coupled  at  the  opposite  end  with  a 4 vm  or  s mm  coupling  hole.  The 
stabilization  system  is  quite  simple  : the  CO,  laser  is  frequency  locked  by  maximizing  the  FIR  amplitude 

and  the  error  signal  is  obtained  through  a weak  frequency  modulation  of  the  CO*  cavity.  On  the  70  pm  and 

118  pm  CH«0H  "test  lines",  this  optimized  set-up  has  provided  respective  powers  of  40mw  and  70  mW  with 
a long  term  amplitude  stability  better  than  10*  on  time  intervals  of  at  least  3-S  hours. 


2.  Modeling  of  the  CW  FIR  lasers  processes  : 

The  understanding  and  even  more  the  prediction  of  the  influences  of  the  laser  parameters  upon  the 
power  efficiency  require  to  model  the  laser  processes.  The  two  main  directions  of  development  of  models 
of  optically  pumped  CW  FIR  lasers  are  : 

1/  Quantomechanic  models  ^ which  have  been  developed  recently  and  consider  a limited  three  level 
system  interacting  with  both  pump  and  FIR  fields.  Calculations  of  the  FIR  gain  are  made  using  the  densi- 
ty matrix  formalism.  Such  treatments  can  take  into  account  the  two  photon  processes  and  have  success- 
fully predicted  their  influences  on  the  FIR  gain  lineshape  (dynamical  Stark  splitting,  gain  anisotropy). 
However  there  are  some  difficulties  in  order  to  include  relaxation  mechanisms  such  as  the  vibrational 
ones.  A complete  model  combining  both  quantum  effects  and  dynamical  processes  is  underway  in  a few 
groups.  This  requires  computer  methods  and  analytical  solutions  are  excluded. 

2/  Rate  equation  models^  which  have  been  the  first  ones  to  be  developed.  The  pumping  scheme  is 

a simplified  version  of  the  diagram  of  Fig.  1.  Five  levels  are  involved  in  the  laser  processes:  the 

three  levels  svstem  directly  related  to  the  IR  and  FIR  transitions  is  completed  by  the  set  of  exchange 

rotational  sublevels  in  the  upper  and  lower  vibrational  manifolds.  The  result  of  rate  equation  models 

is  contained  in  two  basic  sets  of  equations.  The  first  is  related  to  the  evolution  of  the  different 
populations,  the  second  is  related  to  the  evolution  of  the  photon  densities  inside  the  FIR  cavitv.  And 
the  steady  state  solution  is  obtained  by  setting  the  t ime  derivatives  equal  to  zero.  The  main  advantage 
of  these  models  is  they  allow  a semi -quant i t at ive  analysis  of  the  FIR  power  efficiency  as  relaxation 
effects  may  be  introduced  in  a relatively  simple  wav.  The  fundamental  molecular  relaxation  mechanisms 
are  the  rotational  relaxat ion  which  tends  to  restore  the  Boltzmann  distribution  over  the  rotational 
sublevels  and  the  vibrational  relaxation  which  favorably  competes  with  this  thermal  effect 
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We  have  developed  recently 


(13).  (14) 


a rate  equation  model  where  : 


- The  parameters  are  measurable  quantities  (absorption  coefficient  and  saturation  intensity  of  the  pump 
transition,  infrared  and  far  infrared  cavity  loss  per  pass...) 

- The  velocity  distribution  of  the  molecules  is  introduced  due  to  the  Doppler  broadening  of  the  absorp- 
tion transition  at  the  low  operating  pressure  of  CW  FIR  lasers  ( ft  100  raTorr) . In  effect  the  two 
traveling  pump  waves  in  the  FIR  cavity  excite  two  groups  of  molecule  of  opposite  velocity.  This  selec- 
tive pumping  and  the  thermal i zat ion  of  the  molecules  over  the  rotational  levels  lead  to  the  FIR  exci- 
ted state  absorption  which  is  treated  explicitly. 

- Moreover  the  nature  of  the  FIR  line  broadening  (Doppler  or  homogeneous),  the  "on"  or  "off"  resonance  of 
the  IR  pumping  with  the  absorption  line  are  taken  into  account.  For  a large  majority  of  the  FIR  mole- 
cules the  pump  can  only  approach  the  IR  absorption  line  center  within  the  frequency  range  20  MHz  - 

60  MHz.  The  two  traveling  pump  waves  inside  the  FIR  cavity  excite  two  separated  velocity  groups  of 
molecules,  and  at  short  wavelengths,  the  FIR  gain  curve  as  a function  of  the  FIR  frequency  exhibits 
two  quite  distinct  peaks.  At  long  FIR  wavelengths,  the  Doppler  effect  is  quite  reduced  and  the  FIR 
lineshape  just  exhibits  a smooth  dip.  For  the  best  FIR  lines,  the  pump  can  be  tuned  close  to  the  ab- 
sorption line  center  and  the  velocity  distributions  of  the  active  pumped  molecules  overlap.  Then,  at 
any  wavelength,  the  FIR  lineshape  just  exhibits  a peak  close  to  the  FIR  line  center.  However,  the 
"hole  burning  effect"  related  to  the  pump  transition  is  expected  to  favour  the  longest  wavelengths. 

The  different  situations  above  give  rise  to  different  laser  gain  expressions  and  we  have  calcula- 
ted the  corresponding  forms  of  the  FIR  output  power  at  the  gain  maximum  value.  The  formulas  (l 3), (I A) 
giving  Ppjg  approach  the  standard  expression  for  saturated  homogeneously  broadened  transitions  and  may 
be  written  in  a closed  form  : 


'sat'  (tS)  (tS)  x PIR  x t th  * f»b«  x ftr 


- is  the  pump  power 

- t is  the  FIR  transmission  coefficient  per  pass 

- S is  the  FIR  resonator  cross-section 


x — - I 


, ^ FIR  g.  I . 


is  the  theoretical  photonic  conversion  efficiency. 


I ^ is  the  saturation  intensity  of  the  FIR  transition  and  varies  as  the  square  of  the  gas  pressure  and 
the  inverse  of  oscillator  strength  related  to  the  transition. 

0(  i.  T 

f ^ " ' ~~  ( £ ) is  the  fractional  absorption  of  the  pimp  power,  •(  is  the  saturated  1R 
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the  pimp 
1 ine . 


ion  coefficient,  L,  the  cavity  length  ami  >4  *8  the  cavity  loss  coefficient  per  p-«ss  for 

p.  £ represents  the  possibility  for  the  pump  to  fall  in  coincidence  with  another  absorption 


t(  l-h-  S ) 


is  the  fractional  transmission  loss  of  the  FIR  radiation,a  is  the  FIR  cavity  loss 


coefficient  per  pass  at  the  FIR  wavelength  (absorption  loss  at  the  mirrors  of  the  cavity  ♦ propagation 
loss  in  waveguide  structures  or  diffraction  loss  in  conventional  Fabry-Perot  resonators).  $ is  the 
fractional  self  absorption  of  the  FIR  in  the  excited  states  (due  to  the  vibration  bottleneck,  it  stron- 
gly increases  with  pressure  when  the  vibrational  relaxation  is  diffusion  dominated  : 6 pn  with 

n St  2) . h represent  the  hole  burning  effect  at  short  wavelengths. 

All  of  the  physics  of  the  model  is  contained  in  the  term  ^ , f . * *trms  arH*  which  we 

discuss  in  part  3 owing  both  to  our  experiments  and  recently  published  works. 

3.  Influence  of  the  experimental  parameters  upon  the  FIR  power  efficiency  : 

The  laser  parameters  may  be  classified  in  three  categories  (see  also  Fig.  6 in  Ref.  IAI  : 


- pumped  gas  parameters  : pressure,  temperature  and  buffer  gas  addition. 

- FIR  cavity  parameters  : cavity  type,  length,  section,  output  and  input  coupling  method. 

- Injected  pump  beam  parameters  : IR  power,  frequency  matching  to  the  absorption  frequency  of  the  pumped 
gas,  spatial  extension  of  the  injected  beam  inside  the  FIR  cavity. 

We  will  specially  emphasize  in  the  following  on  the  influences  of  the  FIR  gas  pressure,  the  IR 
pump  power  and  the  frequency  offset  SVjg  of  the  pump  radiation  from  the  absorption  line  center  of  the 

FIR  gas  which  mav  be  considered  as  the  main  parameters.  Our  d i agnos tic  experiments  have  been  performed 
on  the  strong  CW  FIR  lines  of  CH-jOH  at  S70  pm,  118  pm  and  70  pm. 
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3.1.  Pressure  dependence  of  the  FIR  output  power  : 


Figure  2 represents  the  variation  of  Fpj^  recorded  continuously  as  a function  of  the  FIR  gas  pres- 
sure for  different  values  of  the  pump  power  P^.  It  shows  the  strong  similitude  of  the  results  at  the 
three  wavelengths  studied.  At  low  pressure  the  saturation  intensity  and  the  self  absorption  of  the  FIR 
are  weak  and  the  increasing  output  power  with  pressure  simply  reflects  the  increasing  pump  absorption  . 

On  the  other  hand,  above  some  FIR  gas  pressure  the  decreasing  output  level  corresponds  to  the  increase  of 
I and  £ , while  the  fractional  absorption  term  approaches  more  slowly  its  limit  value  and  finally  a 
cut-off  pressure  is  reached.  Therefore  at  a given  pump  power,  there  is  a relatively  low  optimum  pressure 
which  value  increases  slowly  with  pump  power.  Furthermore  the  largest  wavelength  transitions  reach  their 
maximum  at  lower  pressure  and  in  the  same  range  of  vave length,  the  optimum  pressure  is  lower  for  the 
strongest  pump  absorption  coefficient. 


3.2.  Pump  power  dependence  of  the  FIR  output  power  : 


Figure  3 shows  the  FIR  power  at  1 18  pm  monitored  continuously  as  a function  of  the  pump  power,  the 
pressure  being  a controlled  parameter.  The  situation  is  quite  similar  for  the  70  pm  and  570  pm  wave- 
lengths. At  a given  pressure,  the  pump  power  must  exceed  a threshold  value  for  laser  action.  Due  to  the 
FIR  oscillation,  the  left  terra  in  the  bracket  of  Eq.  1 must  be  superior  to  1.  Beyond  this  threshold  value 
PFIR  increases  with  PIR.  At  low  pressures  (curves  1—^5),  the  increase  of  = f(PjR)  given  by  the 

slope  : 
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IR 
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x ^abs 
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f 

trans 


(2) 


is  essentially  governed  by  fabg  since  f remains  nearly  constant  as  a consequence  of  the  low  FIR  ex- 

cited state  absorption.  The  curvature  ofrtfil  graphs  indicates  the  strong  saturation  of  the  absorption  at 
high  values  of  Pip.  Pot  a further  increase  of  pressure  the  slope  reaches  a maximum  (pressure  value  bet- 
ween curve  5 and  curve  6),  then  decreases  (curves  6->9)  near  the  cut-off  region  (see  part  3.1  and  Fig.  2) 

when  the  decrease  of  ^trans  is  dominant  in  dPpj^/d  Pjg . Figure  4 represents  the  evolution  of 

l *1  th)  as  a function  of  P^,  where  is  the  experimental  photonic  conversion  efficiency  at 

the  optimum  pressure.  The  zero  limit  is  related  to  the  threshold  condition.  In  the  domain  of  standard 

pump  powers,  the  efficiency  increases  slowly.  A further  increase  of  the  pump  power  with  more  powerful  CO2 

lasers  is  expected  to  increase  the  FIR  power  in  the  same  ratio. 


3.3.  Inf luence_of_the_gumg_detuning_on_the_FIR_gower  : 

Figure  5 shows  the  influence  of  the  pump  detuning.  The  tuning  curves  for  the  118  pm  CH^OH  laser 
have  been  recorded  with  different  frequency  offsets  of  the  pump  from  the  absorption  line  center.  The  de- 
crease of  the  FIR  peaks  with  increasing  detuning  is  approximately  related  to  the  Doppler  factor  contained 
in  the  absorption  coefficient  c{  ( SV^)  14  °<  (0)x  exp  (-  8^2/4  &Vi),  where  SV>D  is  the  full  Doppler 
width  of  the  absorption  transition.  4 'is  explicitly  included  in  the  term  fabg  (see  section  2). 

3.4.  Techni ques _f or _FIR_gowe r _og t imi za t ion_ : 

We  discuss  now  the  influence  of  the  other  parameters  in  the  favorable  case  of  a strong  FIR  line. 

In  this  case,  at  the  optimum  pressure,  the  right  term  in  the  bracket  of  PpiR  (Eq*  O may  be  neglected  and 
the  experimental  efficiency  may  be  written  simply  : 
opt 
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Using  available  data  in  the  litterature  we  have  represented  in  Figure  6-  ( '’Ltxp  / th) 

which  shows  how  far  experiments  are  from  the  theoretical  limit.  We  have  plotted  in  Figure  7 the  fractio- 
nal absorption  versus  pump  power  in  the  optimized  conditions  of  our  experiments.  It  clearly  proves  that 

the  low  values  of  (f  . ) . _ achieved  are  responsible  of  the  poor  FIR  laser  efficiency, 

u c j c abs  optimum  pressure  , , , . . , a . • . 

However  fabg  and  ftrans  are  strongly  correlated  through  the  many  laser  parameters  and  must  be  optimized 

simul taneously . 


The  enhancement  of  the  optical  pumping  efficiency  during  the  past  few  years  has  been  essentially 
achieved  in  two  steps  : 

- The  first  decisive  progress  has  been  the  result  of  waveguide  operation  allowed  by  materials 

with  low  loss  in  the  FIR.  Waveguide  cavities  are  constructed  with  smaller  cross-sections  as  compared  to 
the  conventional  and  bulky  resonators.  This  facilitates  the  vibrational  relaxation  of  the  molecules  due 
to  desexcitations  on  the  walls,  and  the  self  absorption  is  strongly  reduced  at  a given  pressure  . In  the 
same  way,  at  a given  pump  power,  the  optimum  pressure  is  increased  and  the  fractional  absorption  too. 
Metallic  waveguide  resonators  have  the  smallest  cross-sections,  but  the  mode  outcoupling  optimization  is 
difficult  and  the  diffraction  losses  at  the  mirrors  are  important,  which  explains  the  better  performances 
of  the  dielectric  waveguides  (3).  Besides,  in  some  cases,  the  buffer  gas  addition  has  the  same  beneficial 
influence  on  f_  (20J# 

trans 

- The  second  and  more  recent  progress  is  due  to  hybrid  couplers.  As  compared  to  the  simple  hole  couplers, 
they  allow  both  to  optimize  the  FIR  transmission  coefficient  t and  to  reduce  the  losses  of  the  pump  ra- 
diation at  the  output  mirror.  Here  we  give  the  main  types  of  hybrid  couplers.  They  are  mainly  based  on  a 
silicon  substrate  due  to  its  low  absorption  losses  in  the  IR  and  FIR  region  (21)-(26) 

(21 ) 

The  hybrid  metal  dielectric  hole  coupler  gives  actually  the  highest  PpxR*  T'ie  *nte8rated 
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metal  mesh  dielectric  coupler  is  the  convenient  element  for  frequency  selectivity  and  a weak  diver- 

gence of  the  output  beam.  A third  alternative  consists  of  silicon  Fabry-Perot  type  couplers  (24), (2b). 
Calculations  of  a two  silicon  plates  coupler  have  been  performed  in  our  group  which  show  that,  due 

to  the  high  refractive  index  of  silicon,  FIR  transmission  coefficients  of  a few  percent  may  be  achieved 
in  a rather  large  frequency  range  with  a simultaneous  high  reflection  coefficient  ( ~ 80X)  at  10  pm. 
Therefore  such  couplers  combine  all  the  qualities  expected  from  the  hybrid  coupling  and  moreover  they 
are  suitable  at  short  wavelengths.  However  they  are  only  convenient  for  strong  lines. 


Besides  the  improvement  brought  by  FIR  laser  waveguide  structures  and  hybrid  couplers,  we  may 
finally  propose  the  following  direction  for  a further  increase  of  fabs  owing  to  our  previous  discussion 
(3.1  to  3.3).  Figure  8 summarizes  the  overall  influences  of  the  laser  parameters  on  fa^s  am*  *t8  analysis 
indicates  that  there  are  three  main  directions  to  improve  this  factor. 

- We  have  previously  underlined  the  dramatic  influence  of  the  frequency  offset  of  the  pimp  from  the  ab- 

sorption line  center  (section  3.3).  The  tunable  waveguide  CO2  laser  is  the  convenient  tool(27)  to  im- 
prove the  line  coincidence  in  many  cases  and  this  mav  increase  the  power  efficiency,  provided  the  CO2 
laser  is  followed  by  a CO2  waveguide  amplifier  to  reach  high  enough  pump  power. 

- Increasing  the  FIR  cavity  length,  i.e,  the  IR  absorption  path  has  beneficial  effect  for  molecules  with 

low  absorption  coefficient  as  far  as  the  cavity  finesse  at  pump  and  FIR  wavelengths  can  be  maintained. 

Cavity  lengths  of  2m-3m  are  generally  good  experimental  solutions. 

- However,  the  main  source  of  improvement  is  a further  decrease  of  the  FIR  cavity  losses  at  pump  radia- 
tion. Due  to  the  IR  focussing  and  the  small  injection  hole,  the  pump  beam  reaches  the  waveguide  walls 
at  a too  weak  incidence  and  the  propagation  losses  of  the  IR  radiation  generally  exceed  0.15  m“l.  Owing 
to  the  hybrid  outcoupling  method,  larger  injection  holes  have  been  used  and  have  allowed  the  injection 
of  a collimated  pump  beam  (3).  This  intermediate  solution  is  beneficial.  But  the  best  solution  would 

be  to  enter  the  pump  beam  without  any  focussing  systems.  This  requires  appropriate  otpical  set-up  to 
match  the  IR  transmission  and  FIR  reflection  conditions. 

4.  Conclusion  : 


In  conclusion,  we  have  briefly  analyzed  the  different  aspects  of  the  FIR  power  optimization  and 
the  results  show  that  : 

- output  powers  exceeding  the  milliwatt  level  are  obtained  over  the  whole  FIR  spectrum  with  simple 
devices  and  not  too  expensive  materials. 

- a further  increase  in  power  efficiency  may  be  expected  with  improved  FIR  resonator  designs,  a better 
frequency  coincidence  of  the  pimp  and,  of  course,  with  more  powerful  COj  lasers. 

The  versatility  of  the  optical  pumping  technique  is  not  to  be  demonstrated ,A1 though  it  results 
essentially  from  the  versatility  of  the  COj  laser,  the  relative  independence  of  the  operating  conditions 
with  the  pumped  gas  nature  and  the  simple  stabilization  systems  (28)  which  may  be  used  contribute  to  the 
same  result. 
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ABSTRACT 

4 study  of  the  available  literature  is  presented,  resulting  in  a review  of  the  present  knowledge  with 
respect  to  16  to  40  GHz  slant  path  propagation. 

Experiments  are  presented  first  by  location  in  a decreasing  order  of  complexity , then  by  subject  : 
attenuation,  depolarisation,  space  diversity , and  signal  fluctuation.  They  are  illustrated  by  key 
diagrams. 

A short  compilation  of  sixteen  survey  papers  is  also  presented. 

This  bibliographic  study  has  retained  about  one  hundred  references  out  of  several  hundred  papers. 


INTRODUCTION 

A study  of  the  available  literature  has  been  carried  out,  resulting  in  a review  of  the  present  know- 
ledge with  respect  to  slant  path  propagation,  in  the  frequency  band  15  to  40  GHz.  American  and  Euro- 
pean experiments  are  pretty  well  covered  in  this  survey.  Some  Japanese  results  are  also  covered. 

The  accent  is  put  on  results  and  not  on  theory  or  on  models.  The  first  part  of  the  paper  is  devoted 
to  a short  compilation  of  sixteen  survey  papers,  published  in  the  open  literature.  It  was  felt  that 
such  a compilation  is  useful  to  introduce  the  subject. 

The  second  part  is  devoted  to  a survey  of  experiments,  ranked  by  decreasing  order  of  complexity  and 
summarized  by  location.  This  gives  a compact  view  of  what  has  been  done  and  what  is  being  done.  It 
gives  a summary  of  representative  results,  including  key  diagrams. 

SHORT  COMPILATION  OF  SURVEY  PAPERS 

Medhurst  (1965,  30  references)  publishes  numerical  calculations  based  on  the  original  G.E.C.  Report  by 
Ryde,  with  corrections  and  improvements.  The  results  apply  to  wavelengths  from  15  cm  to  3 mm,  taking 
into  account  droplets  diameters  from  0.5  to  7 mm.  He  compares  the  calculations  to  American,  Japanese 
and  Russian  measurements  at  frequencies  between  11  and  31  GHz  and  obtains  a theoretical  attenuation 
smaller  than  the  measured  one. 

Altschuler  (1968)  presents  the  general  problems,  with  not  many  details. 

Hogg  (1972)  shows,  on  a theoretical  basis,  that  depolarisation  is  more  significant  for  circular  than 
for  linear  polarisation. 

Dougherty  et  al.  (1973,  31  references)  describe  a model  for  estimating  the  expected  performance  degra- 
dation of  satellite-to-ground  microwave  systems  due  to  atmospheric  gases,  clouds  and  rain  as  well  as 
local  and  regional  rainfall  statistics.  Composite  predictions  are  given  for  15  GHz. 

Wiley  et  al.  (1973,  31  references)  review  the  literature  : Hie,  Ryde,  Medhurst.  Oguchi.  They  mainly 
discuss  a theoretical  model. 

Fedi  (1973,  43  references)  reviews  physical  phenomena,  but  with  terrestrial  links  as  main  application. 
He  discusses  scintillation  and  absorption  through  various  causes  (atmosphere,  precipitations,  multi - 
paths),  polarisation  and  depolarisation.  He  also  points  out  the  use  of  precipitation  statistics. 

Blevis  (1974,  62  references)  synthesizes  problems  of  attenuation,  radar  backscatter,  emission,  forward 
scatter  and  polarisation  effects  as  well  as  measurement  methods  (airborne  beacons,  satellite  beacon 
ATS-5,  radiometry  and  radar).  Diffusion  is  one  of  the  main  topics  handled  in  this  paper. 

Oudzinsky  (1974)  concentrates  on  terrestrial  links.  He  recapitulates  measurements  from  8 to  70  GHz  as 
a function  of  rain,  giving  the  "world"  maximum  and  minimum.  He  investigates  the  effect  of  snow  and  fog 
at  frequencies  above  100  GHz,  as  well  as  the  length  of  the  path.  This  publication  is  a summary  of 
RAND  report  R-1335-ARPA.  March  1974. 

Stratton  (1975),  in  a short  review  paper,  treats  the  absorption  by  oxygen  and  water  vapor.  Ihe  effect 
of  rain  is  not  looked  at. 


This  work  was  supported  by  a contract  from  the  European  Space  Agency. 


4i-: 


Watson  i 1975,  63  references)  reports  the  moat  recent  measurements  at  microwave  and  millirootric  f roquet  i 
i Ins,  In  a very  comprehensive  paper,  trying  to  cover  the  interest  in  cumulative  hi  st  rlhut  ion  of  fade 
depth  and  fade  duration  os  well  as  the  relation  between  attenuation  and  meteorological  pat  amot  ot  , He 
first  covers  direct  attenuation  measurements,  polarisation  effects,  and  attenuation  of  snow,  and  dis 
cusses  the  use  of  dystrometors.  This  part,  however,  i s related  to  terrestrial  propagation.  He  then 
covers  indirect  attenuation  measurements  : radiomotry,  including  t tu*  diffusion  effect  calculateo  by 
.'avody  (19741,  comparison  between  radiomotry  and  Alt*  5 measurements,  pointing,  out  a discrepancy  during 
certain  deep  fades,  and  radar  methods.  He  then  discusses  attenuation  statistics.  Several  pages  are 
devoted  to  terrestrial  paths.  Only  a small  part  is  devoted  to  attenuation  statistics  for  satellite  radio 
paths  (the  amount  of  available  data  was  of  course  too  small  in  1975  to  provide  useful  statistics). 

Hogg  et  al.  (1975,  119  references!  discuss  almost  all  the  aspects.  The  title  seems  to  indicate  that,  they 

concentrate  on  satellite  earth  paths,  but  this  is  not  true  : Part  11  is  devoted  to  theory  and  experi 
ments  for  terrestrial  paths.  The  authors  discuss  the  methods  of  measurement  of  rain  attenuation  on 
earth-space  paths  : suntracKers  at  19  and  cumulative  distributions  at  19  and  dl)  GHz,  passive  radiome 
ters,  among  others  at  15.5,  It*  and  dll  GHz,  as  well  as  the  comparison  with  the  ATS-5  beacon  at  15.d  GHz. 
Part  IV  is  devoted  to  path  diversity  in  earth-space  transmission  : the  three  radiometer  experiments  of 

Hell  laboratories  at  It*  GHz  with  separation  of  d,  1!  and  14  Km,  as  well  as  separ.it  ion  of  11,  19  and  30 

Km,  and  the  d5  GHz  suntracKers  experiment.  1 hey  also  discuss  depolarisation  effects,  and  the  frequency 
dependance  of  attenuation  by  rain  on  earth-space  paths. 

I'rane  11975)  publishes  a mini  review,  mainly  on  the  comparison  between  theory  and  measurement  of  at.  to 
nuation  due  to  rain.  The  only  earth  to  space  path  mentioned  is  of  course  ATS-5. 

Dudzlnsky  11975.  dl  references)  is  an  extended  version  of  Dudzlnsky,  1974.  He  reviews  the  available 
data  : attenuation  due  to  rain  from  d to  300  GHz  and  maximum  and  minimum  limits.  He  points  out  that  the 
attenuation  due  to  fog,  hail  and  snow  is  much  smaller  than  that  due  to  rain  below  100  GHz.  Furthermore, 
he  relates  time  averaging  to  length  averaging  for  terrestrial  paths. 

Qguchi  (1975,  96  references)  is  a main  paper  on  depolarisation.  He  first  reviews  the  literature.  Star 
ting  from  droplets  photographs  and  related  calculations,  tie  develops  a theory  for  depolarisation  : 
diffusion  effects,  effective  constants  of  propagation,  differential  attenuation  with  a maximum  at 
30  GHz,  relative  differential  attenuation  with  a maximum  at  5 and  70  GHz,  differential  p! aso  shift  with 
a maximum  at  70  GHz  going  to  negative  values  above  30  GHz.  He  reviews  the  measurements  published  in  the 
literature  on  linear  and  circular  polar Isat ton,  gives  a histogram  of  canting  angles,  and  recalls  measu- 
rements on  differential  attenuation  and  phase  shifts.  Radar  measurements  at  d and  16.5  GHz  are  also 
given. 


Rogers  11976,  59  references)  concentrates  on  rainstorm  models.  He  recognizes  that  there  arc  no  models 
as  yet  with  wide  and  proven  appl Icabi lity  for  generating  attenuation  statistics  from  c 1 imat ologlcal  da 
ta.  but  that  a number  of  empirical  relations  are  emerging  which  arc  providing  a rather  consistent  pic 
tore  of  the  relevant  structural  details  of  ruin.  Much  of  the  work  he  reviews  was  reperteil  .it  the  TUCRM 
Colloquium  In  Nice,  19/d.  Attenuation  by  rain  is  covered  : rainfall  rate,  radar  reflectivity,  and  pre- 
cipitation noise  temperature.  He  also  covers  fine  scale  structure  aspect s of  rain  : point  rainfall 
statistics  ami  path -averaged  rainfall  statistics.  Part  IV  is  related  to  terrestrial  paths.  Part  V, 
however,  is  devoted  to  attenuation  statistics  for  earth- space  paths.  About  statistics  of  actual  propa- 
gation experiments,  tie  mentions  that  failing  distributions  are  available  for  only  a small  number  of 
locations,  elevation  angles  and  frequencies,  and  arc  usually  based  on  data  from  short  time  periods  : 
suntracKers  at  Bell  l aboratories  and  a few  other  experiments,  from  indirect  measurements,  he  mentions 
slant-path  attenuation  statistics  based  on  radar  obsorvut ions , at  various  f requeue i es , usually  on  the 
low  side  of  t tie  band.  He  finally  compares  three  rainstorm  models  : ,’intsmaster  Hodge,  McGill,  and 
Strickland. 

Gaudlssart  et  al.  119’’,  11’  references)  give  a rather  complete  coverage  o<*  t tie  whole  subject,  in  a 
brochure  of  170  pages.  They  put  t tie  accent,  however,  more  on  t tie  physical  phenomena  than  on  statistics, 
they  concentrate  on  the  observed  effects  : refraction,  sc i nt l 1 tat  Ion,  multipaths.  attenuation  hy  absor 
ption  and  diffraction,  dope  lari  sat  ion,  and  thermal  noise.  Meas  ,’*iwiient  methods  are  also  compared  : 
terrestrial  links,  slant  path  including  diversity,  radiometry  and  radar,  as  well  as  met  corn  logical 
measurement s . 


SUMMARY  OF  REPRESENTATIVE  RESULTS 

This  section  in  illustrated  by  diagrams  summ.iri.Mug  Key  results.  It  is  divided  into  t tie  following  para- 
graphs : attenuation,  comparing  measurement-  ,*n  beacons,  radiometers  and  radars,  depolarisat ion,  space 
diversity,  and  signal  fluctuation. 

Attenuation 

Alt'.  6 and  GUMS 1 AW  measurements  lead  to  essentially  t tie  same  ratio  of  attenuation  at  30  and  70  GHz  i It 
is  of  the  order  of  7.  figure  1 shows  the  two  results  obtained  one  at  t tie  British  Post  Office  on  A1S  6 
l Howe  11  et  al.,  19771  , for  twenty  rain  events  lldtrt  minutes  of  data) , t he  other  one  hy  Bell  labs  on 
COMSTAR  (Muller,  197*1  at  Palmetto,  Georgia,  for  six  months  of  operation,  figure  7 compares  the  value 
of  the  ratio  of  the  attenuation  at  the  two  frequencies  : scat t ergi am  of  the  same  twenty  rain  events  on 
ATS  6,  instantaneous  measurements  on  COMSTAR,  statistical  * orrelat ion  of  the  cumulative  failing  at  the 
two  frequencies  for  the  same  percentage  of  f Ime,  and  empirical  equation  IHowell  et  al.  1977i  Muller, 

1 9 7 7 1 Drufuca.  1973) 

A IdH)  / A LIB)  • (f  / f 1 1,72 
o o 


Satellite  beacons  have  been  used  to  calibrate  radiometers.  Figure  3 shows  the  result  of  a calibration 
at  15.3  GHz  (Strickland,  1973).  An  equivalent  mean  temperature  has  of  course  to  be  assumed.  1 he  call 
brat  ion  shown  Is  based  on  an  assumed  value  of  778°k.  The  two  sets  of  bounding  curves  show  how  the  rela 
tlonship  changes  when  temperature  changes  of  ♦ TO  and  * 70®k  are  Introduced  with  respect,  to  778®k.  It 
should  he  noticed  that  when  the  sky  temperature  approaches  the  assumed  temperature  of  the  medium,  errors 
in  either  temperature  tend  to  introduce  large  errors  Into  the  derived  attenuation  : at  a 10  dO  attenua 
tion.  a error  in  the  temperature  leads  to  a 0,8  dB  error  in  the  attenuation.  Figure  4 shows  the  same 
agreement  for  calibrations  made  respectively  at  70  anil  30  GHz  on  ATS-G  (boll  ot  al..  1977).  Of  course, 
a fade  distribution  obtained  from  measurements  made  on  beacon  receivers  indicates  the  effect  of  both 
absorption  and  scattering  by  hydrometeors,  while  radiometric  measurements  are  insensitive  to  scattering 
acul  indicate  the  effect  of  absorption  only.  The  difference  has  been  evaluated  t.’avody,  1974).  Hence, 
the  calibration  of  a radiometer  on  beacon  measurements  is  valid  only  for  the  average  structure  of  preri 
pi  tat  ions  which  occurod  during  the  calibration,  it  may  be  completely  wrong  to  calibrate  a radiometer  in 
one  location  and  put  It  afterwards  in  another  location. 

Statistics  have  been  obtained  both  on  beacons  and  by  radlometry.  The  time  duration  of  measurements  on 
beacons  however  is  rather  small  and  does  not  lead  to  a representative  data  sample  for  statistical  pur- 
poses. t'uropean  Space  Agency  radiometer  data  IBrussaard,  19’ M represent  a total  data  base  of  31  years 
(Watson,  1977).  Figure  5 compares  curves  of  cumulative  attenuation,  calculated  at  70  and  30  GHz  from 
the  radiometric  data,  with  actual  measurements  made  in  Furope  on  ATS-G,  at  the  same  frequencies.  The 
agreement  is  very  good.  The  same  figure  also  shows  measurements  made  in  the  United  States.  The  agreement 
here  is  not  excellent.  This  is  to  tie  attributed  to  the  difference  in  meteorological  climate,  hence  in 
rain  distribution. 

hi  he  useful,  such  cumulative  diagrams  should  be  compared  to  cumulative  diagrams  on  rain  statistics, 
as  the  one  illustrated  by  Figure  G (Muller,  19771.  Such  rain  statistics,  however  are  not  available  in 
l urope  yet.  They  will  be  published  in  the  near  future,  since  they  are  included  in  the  final  report  of 
the  COST  Action  75/4,  "Influence  of  atmospheric  conditions  on  electromagnet ic  wave  propagation  at 
frequencies  above  ID  GHz", 

Radars  have  been  used  in  conjunction  with  radiometers.  Figure  ’ compares  statistics  obtained  from  a 
radar  and  a radiometer  at  13  GHz.  A 390  minutes  calibration  period  accured.  There  is  no  doubt  that  ra 
dar  has  brought  and  may  still  bring  valuable  information  in  atmospheric  research.  Any  use  of  radar, 
however,  also  r.as  limitations.  Figure  8,  for  instance,  shows  a comparison  between  theoretical  and  expe 
rlmental  specific  attenuation  reflectivity  relationships  (Hodge  et  al.,  1977).  (specially,  the  two 
curves  at  13  GHz,  marked  respectively  "Theory"  and  "Data",  are  quite  different..  Hie  difference  is  due 
to  the  difference  between  the  distribution  during  which  measurements  were  actually  made  and  the  one  or 
which  the  theoi  t.ical  calculation  is  based. 

Radiometric  data,  also,  have  to  be  used  with  care.  Figure  9 compares  statist  teal  data  obtained  with  t tie 
same  radiometer  at  35  GHz,  during  different  time  intervals  (Funakawa  et  al.,  19731.  There  may  be  a ten  dU 
difference  between  the  various  results  at  0.1  \ of  time.  This  discrepancy  is,  of  course,  more  apparent 
on  the  low  percent -of  - time  side,  since  the  existence  of  one  particular  event  may  be  of  very  much  impor 
tance  there,  while  not  affecting  the  statistics  at  the  high-percent  of  time  side.  When  using  sun  trackers, 
one  has  to  take  into  account  the  variation  of  the  elevation  angle  during  the  measurements.  Hence,  the 
statistics  have  to  be  corrected  for  the  periods  of  t ime  corresponding  to  the  various  elevation  angles. 
Measurements  made  at  70  GHz  have  been  corrected  that  way  which  makes  the  Interpretation  of  the  results 
much  easier  (F impel  ot  al.,  19751.  A correction  also  has  to  he  used  to  compare  measurements  made  at 
different  elevation  angles.  Down  to  5°,  a simple  cosecant  correction  may  he  applied.  I igure  10  compares 
the  value  of  attenuation,  calculated  at  70°  elevation  from  measurements  made  at  elevation,  with 
actual  measurements  made  at  70®  i the  frequency  Is  17  GH.’t  the  agreement  is  very  good  (Watson,  197M. 

On  the  other  hand,  not  enough  attention  has  been  paid  to  t fie  limitations  of  accuracy  (Van  Vyve  et  al.,  19 ’4  1. 

Depolarisation 

Meteorological  events  are  pretty  well  analyzed.  Fiugre  11  shows  scattergrama  of  the  cross  polar  discri 
ruination  versus  the  co-polar  attenuation  (Howell  et  al..  19771,  at  70  and  30  GHz.  Actual  results  are 
compared  with  a theoretical  curve  based  on  t tie  drop-size  distribution  determined  by  Marshall  and  Palmer 
(1948)  and  on  the  calculation  of  rain  depolarisation  (Uzunoglu  et  al.,  197’1  with  a correct. ion  for 
clouds,  assuming  a liquid  water  content  of  1.5  g/m'  extending  over  a vertical  height  of  1 km.  The  agree 
moot  is  good. 

Measurements  on  satellite  beacons  showed  for  t tie  first,  time  the  "anomalous"  depolarisation,  attributed 
tii  tee  particles,  statlstica  1 ly  aligned  under  the  influence  of  an  electric  field,  f igure  17  makes  t tie 
phenomenon  quite  apparent  : there  is  a strong  decrease  in  corss  polar  di scrim! not  ton  with  almost  no 
attenuation  (Howell  ot  al..  19771.  Those  results  may  well  have  been  dismissed  as  "bad  data"  had  (t  not 
been  for  the  radar  evidence  obtained  on  other  occasions  by  t fie  Appleton  and  Hrailfinxl  radars  U’atson,  19 "81. 
Hence,  the  role  of  radars  in  the  ATS-G  study  should  not  be  lightly  dismissed. 

There  are  presently  not  many  cumulative  diagrams  on  cross  polar  discrimination  : the  time  duration  of 
measurements  is  small  which  does  not  lead  to  a representative  data  sample  for  statistical  purposes*  t 1 
guru  13  shows  the  presently  available  results  at  70  and  30  GHz  (Dijk  et  al.,  1977|  Howell  et  al.,  Hi 
Watson  et.  al.,  1977  1 . Obtaining  such  statistics  in  the  future,  however,  is  important.  Oepolar  i sat  i on  due 
to  ice  particles,  indeed,  may  reach  a maximum  of  70  dH  with  a co  polarised  signal  attenuation  smaller 
than  1 dB,  before  ami  after  a rain  attenuation  event,  and  may  be  of  long  duration,  of  the  order  of  10 
minutes  to  more  than  an  hour  (Pox  et  al.,  19771.  Cumulative  diagrams  on  depolartsat ion  may  hence  be 
quite  different  from  attenuation  statistics. 
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Space  diversity 

Two  main  questions  with  regard  to  path  diversity  improvement  ore  the  separation  and  the  orientation  of 
the  baseline  with  respect  to  tnw  earth-satellite  path,  taking  into  account  the  direction  of  persistent 
weather  fronts  at  the  particular  location. 

The  influence  of  the  separation  is  shown  on  Figure  14 , for  three  radiometers  operating  by  11,  19  and 
30  km  (Wilson  et  al . , 1973). 

The  influence  of  the  baseline  orientation  is  shown  to  some  extent  on  Figure  15  for  three  radiometers  in 
a l configuration  (Wilson  et  al..  19731.  It  is  presently  believed  that  baselines  normal  to  the  path 
and.  secondarily,  to  the  direction  of  convective  weather  fronts,  are  most  efficient  for  path  diversity. 

A theoretical  study  (Austin  et  al.,  1975)  has  simulated  path  diversity  .systems  and  shown  that  diversity 
pair  orientation  perpendicular  to  the  elongation  of  the  precipitation  lines  yields  the  best  diversity 
performance. 

It  is  not  too  easy  to  define  the  most  appropriate  criterion  for  evaluating  diversity  performance. 

Some  authors  use  conditional  probability,  for  instance  for  simultaneously  exceeding  the  same  attenua 
tion  over  two  parallel  slant  paths.  Wilson  (1973)  has  defined  the  diversity  advantage  as  the  ratio  of 
the  percent  of  time  level  for  a diversity  combination  to  that  of  a single  path.  This  leads  to  diagrams 
showing  the  advantage  plotted  versus  separation,  with  thu  attenuation  as  a parameter.  As  an  example,  at 

15.5  GHz.  for  a pair  separated  by  30  km  and  an  attenuation  level  of  9 dB,  the  diversity  improvement 
factor  Is  about  one  hundred  which,  on  a yearly  basis,  means  that  the  outage  of  a system  with  a 9 dl)  fade 
margin  is  reduced  from  eight  hours  to  less  than  5 minutes.  The  diversity  gain,  defined  by  Hodge  (1973) 
is  an  appropriate  criterion.  It  i3  the  difference  between  the  path  attenuations  associated  with  a single 
terminal  and  diversity  modes  of  operation  for  a given  probability  level.  The  optimum  diversity  gain  for 
a dual-path  system  is  obtained  by  squaring  the  single- terminal  probabilities,  which  amounts  to  assuming 
statistical  independance  of  the  alternate  paths.  Figure  16  shows  diversity  gain  versus  separation  dis- 
tance at  various  frequencies,  with  the  attenuation  as  a parameter  (Hodge  et  al.,  1976).  The  data  for 
separation  distances  of  6 km  or  more  fall  within  1.5  dU  of  the  optimum  two- terminal  diversity  gain. 
Moreover,  little  is  gained  by  increasing  the  separation  beyond  10  km.  The  diversity  gain  in  dB.  for  an 
11  km  separation  distance,  is  approximately  equal  to  0,7  times  the  single  path  attenuation  in  dB.  Diver- 
sity gain  versus  single  location  attenuation  is  independent  of  frequency,  as  shown  on  Figure  17  (Vogel 
et  al..  1976). 

It  should  he  noticed  that  all  this  concerns  space  diversity  effects  on  the  co-polar  signal.  It  would  be 
interesting  to  set  up  space  diversity  experiments  on  the  cross-polar  signals.  Because  of  the  long  dura- 
tion of  the  ice  particles  depolarisation,  it  may  he  expected  that  the  variation  of  the  diversity  gain 
versus  separation  distance  will  he  quite  different. 

Signal  fluctuation 

This  is  not  to  he  confused  with  scintillation.  Strictly  speaking,  indeed,  seinti 1 lotion  is  related  to 
variations  of  the  index  of  refraction.  Calculations  of  seinti 1 lation  have  been  made  for  terrestrial  links, 
for  instance  at  35  and  100  GHz  (Lane,  1968).  The  conclusion  was  that  amplitude  scintillations  of  up  to 
10  dB  may  he  expected  on  terrestrial  links  in  the  frequency  range  35-100  GHz.  For  earth-space  links 
near  the  vertical,  the  maximum  value  is  unlikely  to  exceed  3 to  4 dB. 

Another  study  on  scintillation  (Ml  liman.  1970)  summarizes  various  results  : fluctuations  of  less  than 

1.5  dB  at  15.3  GHz  along  a 70  km  clear  air  path  with  periods  of  less  than  one  minute,  except,  during  the 
passage  of  a cold  front,  with  rapid  variations  up  to  5 dB,  as  well  as  long  term  fades  up  to  6 dB  pre- 
suarise  periods  when  a strong  ground  moisture  layer  is  present.  It  also  mentions  rms  phase  jitter  at 
near  vertical  incidence  at  10  GHz,  between  7.5  and  .'5°,  decreasing  linearly  with  frequency.  The  devia- 
tions in  both  phase  and  range  are  directly  proportional  to  the  size  if  the  turbulent  eddies  while  the 
angular  Jitter  decreases  with  an  Increase  in  eddy  size. 

Variations  in  transit  time  have  been  investigated  at  36  GHz  (Vllar  et  al..  1973  and  1974).  These  varia 
tions  induce  changes  in  the  instantaneous  frequency,  hence  a broadening  of  the  carrier  frequency  spec- 
trum. Actual  measurements  were  compared  with  the  results  obtained  from  the  theoretical  model. 

On  the  other  hand,  measurements  of  signal  fluctuation  were  made  on  ATS  6,  as  well  at  medium  as  at  low 
elevation  angle.  The  following  table  summarizes  results. 


Reference 

Frequency  (GHz) 

Elevation  (°1 

Measurement  s 

Vogel  et  al.,  1977 

30 

17,3  to  1.5 

standard  deviation  from  0.7  to 

6 ilfl,  without  precipitation 

S tutzmon  et  al.,  1975 

70 

9 to  0 

from  7 to  7 dB  fluctuation 

Hodge  et  al.,  1977 

30 

0.38 

70  dB  ptp 

Howel 1 et  al.,  1977 

70 . 30 

73 

0,7  dB  ptp  at  30  GHz  with  bursts 
of  up  to  6 dB  ptp,  associated 
with  cloudsi  ratio  of  amplitudes 
30  20  GHl  It  1*6 

Hrownlng  et  al.,  1977  30  71  1 to  3 dB  ptp 

0 10  dB  pt.p  during  rain 

flijk  et  al.,  1977  30  75  3 dB  ptp  on  co  polar,  17  dB  on 

cross  polar 
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It  can  be  soon  that  oven  at  23°  elevation,  tho  fluctuation  may  be  of  more  than  5 dB  ptp  on  the  co-polar 
signal.  Fluctuation  on  the  cross-polar  signal  may  oven  ho  much  more  important . Fluctuations  are  usually 
associated  with  tho  presence  of  cloudsi  they  can  be  important  in  the  absence  of  precipitations.  Figure  It' 
compares  the  power  spectrum  of  the  signal  at  a 42°  elovation  with  a 2°  elevation,  at  20  GHz  (Hodge  et  al., 
1976).  Results  at  30  GHz  are  very  similar. 


CONCLUSIONS 

From  this  survey,  the  following  conclusions  can  be  drawn. 

1.  There  are  not  enough  coordinated  data  on  the  co-polar  signal  to  establish  reliable  cumulative  diagrams. 

2.  XPO  information  is  important  on  particular  eventsi  cumulative  data  are  almost  completely  lacking. 

3.  Scintillation  is  only  in  an  early  stage  of  study.  Spectrum  analysis  is  necessary. 

4.  Anomalous  depolarisation  is  only  in  an  early  stage  of  study. 

5.  A lot  of  radiometric  data  are  available.  They  should  be  normalized  for  comparison. 

6.  Normalized  space  diversity  measurements  are  not  available. 

7.  Data  show  that  radar  may  be  very  useful.  At  the  present  time,  data  are  available  from  2.8  to  95  GHz. 

A unified  approach  is  necessary. 

8.  There  are  almost  no  data  on  the  influence  of  the  involved  phenomena  on  composite  digital  signals. 

9.  Among  all  the  experiments,  there  is  almost  always  a confusion  between  the  two  main  purposes  : analy 
sis  of  physical  phenomena  on  one  hand,  acquisition  of  data  in  a statistical  purpose  on  the  other  hand. 
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Figure  3.  Comparison  between  direct  and  radiometric  measurements  of  attenuation  at  15.3  GH?. 
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DISCUSSION 


Comment  by  E. Altshuler,  US 

I would  like  to  comment  on  the  advantages  and  disadvantages  of  using  a radiometer  for  estimating  atmospheric 
attenuation.  The  main  advantage  is  that  long  term  statistical  data  can  be  obtained  continually  at  any  elevation 
angle  at  very  low  cost.  The  disadvantage  is  that  rain  attenuations  above  approximately  10  dB  which  are  estimated 
from  atmospheric  emission  measurements  become  less  accurate  since  scattering  losses  which  are  not  included  in  the 
emission  become  appreciable  and  must  be  taken  into  account.  Methods  for  estimating  the  scattering  losses  have 
been  published.  A limitation  of  using  a radiometer  for  propagation  measurements  is  that  no  information  on 
depolarization  on  bandwidth  can  be  obtained. 


C.P. Fischer,  I KG 

( 1 1 Are  the  reported  values  to  the  enormous  depolarisation  referred  to  linear  or  circular  polarisation? 

(?)  Is  there  any  difference  in  the  depolarisation  at  circular  or  linear  polarised  waves? 

Author's  Reply 

The  reported  values  are  obtained  for  linear  polarisation.  There  is  a difference  between  results  obtained  in  circular 
and  in  linear  polarisation,  on  attenuation,  depolarisation  and  fluctuation  measurements.  The  proceedings,  on  the 
E.S.A.  symposium  at  Genoa  (20  30  GHz  bands,  ESA-SP-138,  1977)  offer  quite  a lot  of  information  on  this  subjec 


F.Feds,  Italy 

In  your  excellent  review  you  have  shown  advantages  and  disadvantages  of  direct  (beacon  measurements)  and  indire 
methods  (passive  radiometer  and  radar)  to  obtain  attenuation  statistics  for  earth  satellite  radiolinks.  On  the  basis 
of  the  data  collected  so  far,  what  method  would  you  suggest  to  obtain  reliable  statistical  information  on  attenua- 
tion at  these  frequencies  on  slant  paths? 

Author's  Reply 

It  seems  that  radiometry  during  several  years  (3  or  4)  may  be  sufficient  for  obtaining  reliable  statistical  informaiior 
if  the  radiometry  is  calibrated  on  a satellite  beacon  at  that  particular  location,  which  takes  into  account  the 
"average"  rain  distributions  at  that  place. 

S.Kulpa,  US 

What  do  you  expect  to  be  the  effects  of  including  near-field  patterns  when  interpreting  the  various  slant  path 
measurements? 

Author's  Reply 

A paper  has  been  published  by  Watson  (Electr.  Letters,  1978)  showing  that  rain  attenuation  measurements  do  not 
depend  on  the  near  field.  When  using  radar  however,  Nicobeck  (A.E.V.  1974  and  1976)  has  shown  (hat  there  is  an 
influence  from  the  difference  between  the  near  field  and  the  far  field. 
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ATMOSPHERIC  INFLUENCES  ON  THE  MILLIMETER 
AND  SUBHI Ll.IMETER  WAVE  PROPAGATION 

Karl-Erdmann  Fischer 

Amt  fiir  Wehrgeophysi k 
SS80  Traben  - Trarbach,  Germany 


SUMMARY 

The  paper  ir  a review  of  the  millimeter  and  submi l 1 i meter  wave  propagation  in  the  atmosphere 
mpha:irit.g  the  problem.*  arising  at  the  attempt  of  pnrameteri sat i on  and  numerical  prediction  of  the 
interference  with  radio  system*  m the  above-ment ionrd  frequency  range  from  the  influence  exerted 
by  the  atmosphere. 

The  first  main  part  deals  with  the  various  types  of  interaction  of  the  millimeter  and  submillimeter 
wave  propagation  with  the  influence  of  the  atmosphere  as  well  as  with  their  mathematical  approach. 
The  second  part  begins  with  the  supply  of  met eorologi cal  input  data  for  computing  the  effect  caused 
by  hydromet eors , by  molecular  absorption  and  mere  refraction.  Furthermore,  an  account  is  given  of 
the  applicability  of  meteorologies  1 routine  measurements  to  radio  techniques  as  well  as  of  special 
measurements  of  drop  sire  di st ri but  ions  and  prec i pi t at i on  intensities. 


1.  INTRODUCTION 

Due  to  an  increasing  shortage  of  radio  frequencies,  it  is  necessary  to  use  millimeter  and  submilli- 
meter waves  for  radio  communication  links.  Here,  however,  the  atmosphere  produces  disturbing  effects 
which  cannot,  be  controlled  by  technical  means.  So,  an  unrestrained  use  of  this  frequency  range  or 
an  application  of  f reouency  reuse  techniques  is  not  secured  in  an'-  case. 

The  first  part  of  this  review  paper  deals  with  the  influence  of  the  atmosphere  on  millimeter  and 
• ubmi 1 l i met e r wave  propagation.  In  the  second  part,  methods  for  analysi?  and  prediction  of  propa- 
gation conditions  in  actual  weather  situations  and  for  planning  are  discussed. 


?.  TRANSMISSION  PROPERTIES  OF  THE  ATMOSPHERE 

First,  the  main  influences  of  the  atmosphere  on  millimeter  and  submi 1 1 imet e r wave  propagation  are 
summed  up  brieflv. 

?.  1.  Hydrometeors 

Disturbances  caused  by  hydrometeors  const,  i t u 1/  one  of  the  main  difficulties  in  using  the  millimeter 
and  submillimeter  band.  These  effects  undergo  strong  space  and  time  fluctuations,  and  a quantita- 
tive analysis  suffers  from  a lack  of  input  data. 

Hydrometeors  are  detined  as  condensation  products  of  water  vapour  which  are  suspended  in  the  atmo- 
sphere. They  can  be  fluid  (e.g.  rain,  fog'  or  solid  (e.g.  snow,  ice  crystal*).  Sometimes,  there 
exists  a mixed  form  (e.g.  melting  hail,  wet  snow'.  The  influence  of  hydrometeors  can  be  described 
by  solutions  of  the  vectorial  wave  equation.  The  choice  of  appropriate  dielectric  constants  of  the 
prec i pi t a t i on  partic’^r  i?  part  of  the  boundary  conditions.  Suitable  theories  have  been  set  up,  for 
example,  bv  Mie  and  - in  the  case  of  verv  small  particles  compared  with  the  wavelength  - by 
Rayleigh  tTemmers,  VH'B).  There  ar«  expressions  for  the  total  attenuation  cross-sect  i on  which  is 

composed  of  a back  scattering  cros s-seet i on  and  an  absorpt ion  cross-sect i on. 

Attenuation  caused  bv  hydrometeors  can  be  calculated  if  the  rain  drop  sire  distribution  between 
transmitter  and  receiver  is  known.  Directional  radio  systems  operating  in  the  • ame  frequency  - 
especially  - satellite  communi cat i ons  - may  suffer  from  severe  cross  talking  caused  by  scattering 
on  hydromet  eors  even  when  using  st  rong  beaming  antennas  (e.g.  Crane,  to'--;  Chu,  lO,’";  it  n t al., 

1077).  In  this  case,  too,  the  magnitude  of  the  effect  can  be  estimated  by  Mie's  theory,  for 

example,  if  the  rain  drop  sire  distribution  is  given.  (Scattering  due  to  i nhomogene i t i e;  of  the 
atmospheric  refractive  index  is  of  a smaller  order  of  magnitude  and  is  not  concerned  here.' 

Beyond  this,  hydrometeors  will  turn  the  plane  of  polarisation  of  e 1 ect romagnet i c wave-  more  or 
less  ie.g.  Crane,  197?J  Neves,  Watson  Hoglrr  et  al.,  iQ”*"!.  So,  synchroneous  communi  cat  i on 

between  parallel  radio  links  using  the  same  f reouency  but  cross-pol an  red  antenna?  will  be  disturb- 
ed by  cros?  talking  due  to  depolari  sat.  ion.  Finally,  the  ef  feet  i veness  of  polarisation  diversity 
will  be  reduced  by  depolari sat l on. 

A more  subtile  analysis  of  Mie’s  theory  show?  that  depolari sat  ion  is  mainly  due  to  deviations  of 
the  shape  of  the  scattering  particles  from  spherical  form  (e.g.  Crane  lO**?).  In  the  case  of  liquid 
hydromet  eors , this  effect  is  brought  about  by  variations  of  the  wind  gradient  (Bruasaard 
nhanced  depolari rat i on  is  observed  in  connection  with  solid  particles,  especially  if  st rong 
electrical  field.*  are  pre*ent  - e.g.  in  shower  and  thunderstorm  clouds  (Mr  Cormick,  Hendry  1 o *77* ; 
Evans  et  il.  ^7?).  Strong  field  strength  ch  nge.  due  to  lightning  discharge?  will  lead  to  sudden 
changes  of  depo  1 a ri  rat  ion  (Shutie  et  al.,  W’7).  A quantitative  analysis  of  depolari  sat  i on  requires 
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not  only  the  size  distribution  of  hydrometeors  but  also  informations  concerning  their  shape. 
Because,  normally,  the  latter  is  not  available,  there  are  attempts  for  looking  for  empirical 
relations  between  depolarisation  and  attenuation  which  can  be  determined  in  an  easier  way  (Nowland 
et  al.,  1977;  Strichland  et  al.,  1977).  These  correlations,  however,  sometimes  yield  biased 
results,  so  that  their  practicability  is  reduced. 


2.2.  Molecular  absorption 

The  ^liability  of  a millimeter  or  rubmi 1 1 imeter  radio  link  is  not  only  impaired  by  hydrometeor? 
but  also  by  molecular  absorption  in  the  atmosphere  mainly  due  to  water  vapour  and  oxygen.  In 
certain  freouency  ranges,  communication  will  break  down  even  on  very  short  links  (e.g.  several 
100  m)  - especially  in  the  submillimeter  range. 

Molecular  absorption  is  caused  by  interactions  between  electromagnetic  waver  and  gases.  It  results 
in  selective  attenuation.  Atomic  and  molecular  physics  provide  the  tool  for  computing  central 
frequencies,  band  widths  and  intensities  of  absorption  bands.  So,  attenuation  coefficient*  which 
strongly  depend  on  the  freouency  can  be  derived  if  the  distribution  of  water  vapour  and  oxygen 
along  the  propagation  path  is  known  (Liebe  1977).  These  computations  usually  agree  well  with 
laboratory  tests  (Liebe,  et  al.,  1977). 

According  to  Kirchhoff's  law,  a medium  penetrated  by  electromagnetic  radiation  will  re-radiate  in 
those  frequency  ranges  where  absorption  occurs.  So,  the  signal  to  noise  ratio  is  reduced  when 
using  freouencies  in  the  centre  or  in  the  vicinity  of  absorption  bands  (Albrecht  1972;  Hall,  1977). 


2.3*  Refraction 

In  the  millimeter  and  submillimeter  range,  the  influence  of  mere  refraction  - that  is  the  actual 
deviation  of  the  path  of  an  electromagnetic  wave  compared  to  vacuum  condition!;  - is  exceeded  by  the 
effects  caused  by  hydrometeors  and  by  molecular  absorption.  A consequent  analysis  based  on  simple 
ray  theory  is  cumbersome  or  impossible,  resp. , because  of  dispersion  and  the  existence  of  numerous 
absorption  lines  and  bands.  A complex  refractive  index  combines  the  influences  of  refraction  (real 
part)  and  absorption  (imaginary  part). 

In  the  case  of  specific  vertical  di st ri but  ions  of  the  (real)  refractive  index  - mainly  given  by 
the  vertical  profiles  of  atmospheric  humidity  and  temperature  - multi-path  conditions  between 
transmitter  and  receiver  are  possible.  (Cartwright,  Tattersall  1977).  Especially  on  1 i ne-of-sight 
paths,  deep  interference  fading  will  occur  (Hartmann,  Smith  1977).  Diversity  techniques  and 
tilting  the  antennas,  for  example,  are  used  for  corrective  measures. 

Short  small  scale  fluctuations  of  the  (real)  refractive  index  of  the  atmosphere  caused  by  atmo- 
spheric turbulence  will  sometimes  lead  to  marked  scintillation  fading  (Ho  et  al.,  19?7).  Even 
made  turbulence  produced  by  chimneys  or  exhauster*  of  air  condition  devices,  for  example,  gives 
rise  to  scintillation  fading  ( Mavrokouloulaki s at  al.,  i9?7).  Antenna  or  freouency  diversity  can 
be  used  for  remedy.  Refraction  effects  can  be  estimated  if  the  refractive  index  distribution  and 
its  fluctuations  are  known. 


3.  ANALYSIS  AND  FORECASTING  OF  ATMOSPHERIC  INFLUENCES 


In  the  case  of  millimeter  and  submillimeter  propagation,  the  theoretical  approach  to  estimating 
the  influence  of  hydrometeors,  molecular  absorption,  and  refraction  is  available.  An  appropriate 
analysis  and  forecasting  of  propagation  conditions  suitable  for  practical  use  is  mainly  a problem 
of  sampling  meteorological  data.  Forecasts,  weather  charts,  statistics,  etc,  supplied  by  the 
weather  services  can  be  used  only  with  caution.  Therefore,  often,  special  measurements  are  neces- 
sary, especially  if  qualitative  results  are  not  sufficient. 


3.1.  Effects  caused  by  hydrometeors 

A consequent  analysis  of  disturbances  caused  by  hydrometeors  is  often  not  feasible  because  of  the 
lacking  information  on  the  actual  and  the  expected  size  distribution  within  the  common  volume 
covered  *by  the  patterns  of  the  antennas.  Moreover,  calculations  of  depol ari sat i on  require  informa- 
tion about  the  shape  of  the  hydrometeors  and  - in  some  special  cases  - about  the  electrical  fields 
in  shower  and  thunderstorm  clouds. 


3.1.1.  Meteorological  routine  measurements 

For  radiocommunication  purposes,  the  informations  supplied  by  the  weather  services  can  often  be 
used  only  in  a qualitative  way.  Precipi  tat  ion  totals  (e.g.  IP  or  P1*  hourly)  are  of  no  use  because 
actual  intensities  cannot  be  derived  from  them. 

Only  few  meteorological  observation  sites  are  equipped  with  device?  for  measuring  precipitation 
intensities.  But  usually,  the  integration  time  of  the  instruments  m use  (some  minutes)  is  too  long 
compared  with  the  disintegration  required  for  propagation  purpose?  (some  seconds).  Moreover, 
there  is  a considerable  lack  of  accuracy  in  the  range  of  small  and  medium  precipitation  inten- 
sities - a disadvantage  with  respect  especially  to  the  submillimeter  range.  A satisfactory  regio- 
nal break-down  cannot  be  achieved  because  of  the  above  mentioned  small  number  of  stations. 
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A general  analysis  or  detailed  forecast  of  the  meteorologl cal  situation  (e.g.  no  precipitation  at 
all,  locally  light  rain,  heavy  shower  with  thunderstorm)  is  helpful  for  qualitative  conclusions 
on  the  occurrence  of  disturbances  due  to  hydrometeors. 

Weather  radar  (operational  frequency  in  the  cm-band)  is  a very  useful  tool  to  deteraine  location, 
speed  and  direction  of  aoveaent  of  precipitation  fields  and  their  horizontal  and  vertical  structure 
within  an  area  of  about  100  km  in  radius  and  more  around  the  station. 

Backscattering,  attenuation,  and  depolarisation  can  be  estimated  when  using  the  measured  echo 
I intensities  and  empirical  relations  (iso-echo-techniques). 

In  spite  of  shortcomings  due  to  inadequacies  of  radar  equipment,  in  the  above  mentioned  relations, 
and  in  organisation  of  the  observation  network, the  weather  radar  is  an  appropriate  instrument  for 
analysis  and  short  term  forecasts  of  propagation  conditions  (up  to  some  hours)  in  the  millimeter 
and  submillimeter  range.  It  is  also  suitable  for  operation  at  sea  where  conventional  methods  of 
measuring  precipitation  sometimes  yield  biased  results. 


3.1.?.  Special  meteorologi cal  measurements 

Exact  modelling  of  hydrometeor  effects  on  millimeter  anc  submillimeter  radio  links  requires  infor- 
mation on  drop  size  distribution  within  the  common  volume  covered  by  the  pattern  of  transmitting 
and  receiving  antennas.  Distrometer  measurements  are  very  helpful  to  reach  this  aim.  A disinte- 
gration time  down  to  few  seconds  can  be  achieved,  and  the  size  classes  to  be  determined  cover  a 
range  from  <3.3  to  B mm  in  ?0  steps  (Breuer,  1*173;  Kreuels,  1*>77).  The  measured  time  dependent  drop 
size  distribution  can  easily  be  transformed  into  rain  intensities. 

The  principle  of  a distrometer  is  based  upon  an  electrodynamical  receptor  which  changes  the  im- 
pulse of  a falling  rain  drop  into  an  electric  signal  so  that  electronical  data  processing  and 
evaluation  can  be  employed. 

Unfortunately,  distrometers  are  rather  expensive  and  complicated  in  operating  so  that,  today, 
routine  measurements  at  a sufficient  number  of  observation  sites  are  not  achievable.  So,  for 
example,  distrometer  measurements  are  used  to  derive  drop  size  distributions  in  dependence  of 
different  weather  situations.  By  this  means,  relations  with  meteorological  measurements  (to  achieve 
with  less  expenditure)  could  be  established. 


3.1.3.  Planning  of  millimeter  and  submillimeter  radio  links 

Precipitation  statistics  supplied  by  the  cliraat  departments  of  the  meteorological  services  should 
carefully  be  interpreted  to  avoid  severe  misinterpretations  when  planning  millimeter  or  submilli- 
meter radio  links.  Figures  concerning  monthly  or  daily  mean  values  of  precipitation  or  even  hourly 
mean  values  do  not  answer  the  question  for  frequency  and  duration  of  precipitation  of  a given  inten- 
sity. Generally,  only  sel f- record! ngs  during  at  least  several  years  provide  results  usable  for 
planning  millimeter  and  submillimeter  links.  Moreover,  a regular  analysis  of  weather  radar  obser- 
vations will  contribute  to  a "radio  climatology". 

Climatological  statistics  of  frequency  and  duration  of  fog,  however,  are  advantageous  for  planning 
purposes  because  there  are  empirical  relationships  between  visibility  in  fog  and  drop  sire  distri- 
bution, So,  for  example,  attenuation  concerning  the  smaller  wavelengths  of  the  discussed  freouency 
range  can  be  estimated. 


3.?.  Molecular  absorption 

Molecular  absorption  caused  by  the  atmosphere  usually  does  not  necessitate  daily  analysis  or  fore- 
casting because  its  variations  are  not  so  large  as  in  the  case  of  hydrometeor  effects. 

Vertical  soundings  af  atmospheric  humidity  and  temperature  run  by  the  weather  services  every  1? 
hours  with  spacings  of  about  POO  - 300  km  will  supply  informations  on  the  vertical  distribution 

of  the  water  vapour  content  of  the  atmosphere.  Near  the  surface,  however,  radiosonde  data  are  not 

reliable.  Special  soundings,  e.g.  with  tethered  balloons,  will  lead  to  better  results  - especially 
in  mountainous  areas. 

The  actual  profile  of  oxygen  haa  to  be  determined  by  special  soundings  because  there  are  no  routine 
measurements  by  the  meteorological  service. 


3.3.  Refraction 

Vertical  soundings  of  the  atmosphere  as  mentioned  above  can  be  used  to  compute  effects  due  to  mere 
refraction,  e.g.  multipath  fading  or  extremely  long  ranging.  There  are  well  established  formulas 
correlating  the  (real)  refractive  index  and  air  pressure,  humidity,  and  temperature  iKruspe,  'OpO. 

Measurements  of  actual  refractive  index  fluctuationa  caused  by  atmospheric  turbulence  with  respect 
to  scintillation  fading  need  much  expenditure.  As  a rule,  they  are  taken  up  only  within  the  scope 
of  special  research  programmes.  Appropriate  statistics  are  available,  today  (e.g.  Kruspe  id~’?). 
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For  practical  use  in  the  millimeter  and  submi 1 1 imet er  range,  it  is  often  sufficient  to  use  some 
empirical  rules  to  estimate  and  forecast  disturbances  due  to  mere  refraction.  Multipath  fading 
and  extremely  long  ranging,  for  example,  is  to  be  expected  if  the  antennas  are  located  near 
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atmospheric  layers  where  the  air  humidity  undergoes  sharp  discontinuities,  e.g.  over  vast,  damp 
areas  during  clear,  calm  nights  with  strong  upward  thermal  radiation.  Enhanced  scintillation  fading 
may  occur  near  the  (humid)  ground  during  strong  solar  radiation  and  windy  weather. 


A.  CONCLUSIONS 

Effects  caused  by  hydrometeors  - e.g.  attenuation,  cross  talking  due  to  scattering  or  depolarisa- 
tion - will  sometimes  lead  to  severe  restrictions  in  using  millimeter  or  submillimeter  waves.  An 
analysis  and  forecast  of  these  effects  is  necessary  because  of  their  considerable  inhomogeneity 
and  variability  with  respect  to  time  and  space. 

The  conseouence  of  molecular  absorption  by  water  vapour  and  oxygen  is  a strong  freauency  dependent 
attenuation.  Especially,  the  use  of  the  submillimeter  band  is  hampered  by  this  effect. 

Mere  refraction  leads  to  multipath  and  scintillation  fading  and  to  extremely  long  ranging.  But, 
as  a rule,  these  effects  are  considerably  exceeded  by  the  foregoing  influences. 

The  effects  mentioned  above  can  be  evaluated  by  existing  mathematical  methods.  For  practical  use, 
meteorological  input  data  are  necessary.  Among  the  routine  measurements  carried  out  by  the  weather 
services,  weather  radar  data  provide  an  analysis  and  a short  term  forecast  of  millimeter  and  sub- 
millimeter propagation  conditions.  On  the  other  hand,  conventional  routine  weather  analysis, 
forecasts,  and  statistics  will  give  only  Qualitative  hints.  They  have  to  be  interpreted  carefully, 
especially  in  the  case  of  planning  radio  links. 

Special  measurement s , e.g.  by  di at romet era , are  suitable  for  providing  the  desired  input  data  on 
precipitation.  But  as  a rule,  they  are  very  expensive.  So  parametxrisation  technioues  based  on 
meteorological  routine  measurements  may  give  approximative  solution... 
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resume: 


Hans  la  premiere  partie  de  1 'expose  nous  decrirons  des  equipements  hyperf rAquence 
const ituant  les  Atages  haute  frequence  et  frequence  intermediaire  de  divers  systemes  de  transmis- 
sion fonctionnant  aux  longueurs  d'ondes  mi  1 1 imet riques  dans  la  gammc  de  frequences  comprises  entre 
30  et  110  GHz. 

Dans  la  deuxieme  partie  une  liaison  radioelectrique  const ituee  en  particulier  A 1 'aide  des 
equipements  etudies  dans  la  premiere  partie  sera  dAcrite,  et  les  caracterist iques  de  propagation  radioelee- 
trique  a 31  (Sir  suivant  differentes  conditions  de  propagation  seront  donnees. 


1 - F.TUOF.  D' EQUIPEMENTS  EMISSION  RECEPTION  POUR  SYSTF.MF.S  OF.  TRANSMISSION  AUX  LONGUEURS  P'ONDES  MILLIMETRI- 
QUES 

Notre  effort  a portA  part icul idrement  au  niveau  des  sous-ensembles  fonctionnels  tant  au 
point  de  vue  des  circuits  mis  en  oeuvre  que  de  celui  des  technologies,  et  dans  tous  les  cas,  les  meilleurs 
eompromis  technico-economiques  ont  Ate  recherchAs. 

1.1  - Etude  des  sous-ensembles  modulateurs 

— 

1 . 1 . \ . - M^ulat  \on_directe 

Des  modulateurs  de  phase  O.'TT  utilisant  respect ivement  des  diodes  PIN  et  des  diodes  Schottky 
ont  ete  realises  dans  la  gamme  de  frequences  de  30  i 45  GHz.  (Fig.l). 

Le  modulateur  est  constitue  d'un  circulateur  qui  separe  I'lnergie  entrante  de  I'lnergie  sort  ante, 
associe  a une  structure  A diode.  Celle-ci  constitue  un  court-circuit  ou  un  circuit  ouvert , selon  qu'elle 
est  saturee  ou  bloquee,  et  commute  une  longueur  de  guide  d'onde  reglable  par  un  court-circuit,  qui  permet 
d'obtenir  un  ecart  de  phase  de  180°.  Le  signal  modulant  est  applique  A la  diode  par  l ' interned iai re  d'un 
sy steme  de  piege  assurant  un  decouplage  entre  les  acces  ’’modulateur"  et  signal  mi  1 1 imet r ique . 

Dans  le  cas  du  modulateur  A diode  PIN,  les  puissances  modulables  peuvent  etre  importantes 
( ^ 23  dbm) , les  pertes  inflr ieures  A 2,5  dB  mais  le  rvthme  de  modulation  est  limite  a 20  Mbit/s.  Paf 
contre,  pour  les  modulateurs  A diode  Schottky,  les  rythmes  peuvent  atteindre  400  Mbit/s.  Les  diodes  utili- 
sees  sent  des  puces,  polarisles  A l 'aide  d'un  fil  Ipointe  a faible  self.  Les  pertes  otenues  sont  inflrieu- 
res  & 5 dB,  mats  la  puissance  incidente  est  limitee  ( < 5 mW) . L'emploi  d'un  ampl if icateur  est  alors 
nice ssa ire . 

1.1.2.  - ^dulation_en_frequenee_ intermedia  ire 

Des  modulateurs  de  phase  O.'TT  ont  Itl  realises  en  bande  L (1,2  A 1,8  GHz)  en  technologic  micro- 
electronique  utilisant  deux  coupleurs  3 dB. 

Des  diodes  PIN  ou  Schottky  sont  employles  selon  le  debit  numerique  du  systemo  de  transmission 
concernl.  • 

Des  pertes  d'insertion  inflrieures  & 0,5  dB,  pour  des  variations  de  phase  de  180*,  ont  Itl 
obtenues  avec  ces  dispositifs. 

1.2  - Etude  des  transposeurs  de  frequences  d 'emission  aux  longueurs  d'ondes  mi 1 1 imet r iques 

1.2.1.  - Transposeurs_de_f requenceshaut ^ni veau_A_varac tor_AsGa 

Divers  dispositifs  permettant  la  transposition  de  frequences  intermediaires  bande  L A des  fre- 
quences suplr ieures  A 30  GHz  ont  Itl  realises  Les  diodes  util  isles  sont  des  varactors  mentis  dans  des 
structures  guide  d'ondes  aplriodiques  associles  A des  circulateurs  trls  faibles  pertes.  (Fig.  2).  Ces 
mllangeurs  comportent  en  outre  un  filtre  de  rejection  et  d 'll iminat ion  de  bande  latlrale  infir ieure.  De 
tels  transposeurs  de  frequences  prlsentant  d 'exce l lentes  caractlrist iques  de  conversion  amplitude  phase 
(mflrieure  A 1°  par  dB)  et  des  pertes  de  conversion  inflrieures  A b,S  dB  dans  de  trls  larges  bandes 
passantes  ( > 1 GHz)  pour  des  puissances  de  sortie  super ieures  A 17  dbm,  ont  Itl  obtenus. 

1.2.2.  - Iiansposeursdef rlquence8_has_niyeau_A_d iodesSchottkyassoc ilsAdesampl i f ica tours 

A diode  A avalanche 


Des  essais  en  emission  d 'ut i 1 i sat  ion  de  mllangeurs  A diodes  Schottky  utilisls  habi tue 1 lement 


r 
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en  reception  ont  ete  effectues. 

11  a ete  possible,  par  une  simple  modification  de  certains  filtres  utilises  dans  ia  structure, 
de  realiser  des  transposeurs  de  frequences  A diodes  Schottky  fonctionnant  a 1 'emission  qui  presentent  des 
pertes  de  conversion  inferieures  a 10  dB  jusqu'a  des  frequences  de  50  GHz.  Cependant , le  niveau  de  sortie 
de  tels  melangeurs  reste  limit#  a des  puissances  relativement  faibles,  inferieures  a 7 dbm,  de  telle  sorte 
qu'il  est  souvent  necessaire  d'y  associer  des  ampl if icateurs  a etat  solide. 

Une  association  comprenant  un  transposeur  de  frequences  a diode  Schottky  associe  a un  amplifica- 
teur  a diode  a avalanche  a ete  realisee.  L ' ampl if icateur  fonctionne  en  reflexion  par  1 ' interned ia i re  d'un 
circulateur.  La  diode  Impatt  est  polarisee  a travers  un  filtre  passe-bas  eliminant  les  oscillations  parasi- 
tes. Un  adaptateur  d' impedance  est  insere  entre  le  circulateur  et  la  diode,  l.e  niveau  de  sortie  de  l* asso- 
ciation transposeur-ampl i f icateur  presente  un  niveau  de  sortie  comparable  a celui  du  melangcur  haut  niveau 
a varactor. 

II  faut  cependant  noter  que  dans  le  cas  du  transposeur  a diodes  Schottky # ia  puissance  de  I'oscil- 
lateur  local  est  de  10  mW  alors  que  dans  le  cas  du  transposeur  a varactor,  elle  est  de  200  mW. 

1.3-  Ftude  des  transposeurs  de  frequences  de  reception  aux  longueurs  d'ondes  mi  1 1 imot riques 

1.3.1.  - Transposeurs  de  frequences  fa ibl^e  bruit 

Une  gamme  importante  de  melangeurs  faible  bruit  realises  en  technologic  microelectronique  couvrant 
la  bande  de  30  a 120  GHz  a ete  developpee  dans  nos  laboratoi res . 

Les  technologies  mises  en  oeuvre  pour  la  realisation  de  ces  melangeurs  ont  permis  d'obtenir  des 
frequences  intermed iaires  pouvant  varier  entre  50  MHz  et  5 GHz. 

La  realisation  de  tels  melangeurs  n'a  ete  rendue  possible  que  grace  au  developpement  de  transi- 
tion guide-circuit  microelectronique  large  bande:  ces  transitions  ont  ete  real i sees  sur  substrat  quartz. 
Elies  presentent  un  T.O.S.  inferieur  a 1,20  jusqu'a  la  frequence  de  50  GHz  et  un  af faibl i s semen t inferieur 
A 0,1  dB.  De  50  a 70  GHz,  le  T.O.S.  reste  inferieur  a 1,40  et  les  pertes  A 0,3  dB. 

Les  melangeurs  sont  du  type  a une  diode;  1 'entree  de  l 'osci 1 lateur  local  et  du  signal  s'effeetu- 
ant  par  1 ’ intermed ia ire  d'un  circulateur.  Un  filtre  associe  au  circulateur  reflechi  le  signal  sur  le  me l an - 
geur.  (Fig. 3). 

Les  diodes  utilisees  sont  des  beam-lead  AsGa.  Les  pertes  de  conversion  restent  inferieures  a 
5,5  dB  de  31  a 45  GHz  et  inferieures  a 7 dB  jusqu'a  70  GHz.  Dans  la  gamme  de  frequences  de  70  a 110  GHz 
une  technologic  differente  a ete  employee.  Les  diodes  utilisees  sont  des  diodes  en  puce  Schottky  AsGa 
raccordees  par  fil  epointe  sur  la  structure  microelectronique . Cette  technologic  permet  d'obtenir  des 
pertes  de  conversion  inferieures  a b dB  jusqu'a  110  GHz.  Ce  type  de  melangeur  est  utilisable  sans  aucune 
modification  a temperature  cryogenique  pour  des  applications  en  radioast ronomie  par  exemple. 

1.3.2.  - Dispositifs_amgWf icateurs  re^ue nee _ intermed re 

Des  ampl i f icateurs  large  bande  ont  ete  realises  a L.T.T.  en  technologic  microelectronique . 

Certains  de  ces  ampl i f icateurs  ont  etc  assoc  ids  a des  dispositifs  generateurs  de  bruit  a diodes 
Schottky  et  developpes  dans  la  bande  1,2  a 1,7  GHz.  (Fig.  41. 

Le  generateur  de  bruit  est  compose  d'une  diode  Schottky  polarisee  en  inverse,  d'un  ampl if icateut 
de  bruit  et  d'un  coupleur  3 dB.  L'exces  de  bruit  produit  par  la  diode  (18  a 28  dB)  est  gaussien  pour  un 
courant  de  polarisation  de  0,2  a 2 mA.  Le  circuit  complet  est  realise  en  technologic  microelect  coni que  et 
permet  de  tester  l ' augment  at  ion  du  taux  d'erreur  en  fonction  de  la  degradation  du  rapport  signal  .1  bruit 
d'une  liaison. 


2 - ETUDE  DES  CARACTFRI STIQUKS  DF  PROPAGATION  RADI  OF LK.CTR1  QUF.  A 11  GHz  DANS  LA  REGION  PAR1S1FNNK 

Les  variations  de  1 ' af faibl i ssement  de  propagation  des  transmissions  radioelectr iques  aux 
longueurs  d'ondes  mi  1 1 imetr iques  dependent  exclus’ vement  des  fluctuations  des  conditions  atmospher iques . 

De  nombreuses  etudes  theoriques  et  exper imentales  ont  ete  publ  ices  par  de  nombreux  auteurs  ( [l]  f.'l  [3j  [•*]  ) , 
Les  gaz  atmospher iques , la  vapeur  d’eau  et  les  differences  precipi tat  ions  (pluie,  neige,  grele...)  sont 
les  principaux  responsables  des  variations  d 'absorpt ion.  En  theorie,  1 'absorption  des  gaz  et  des  molecules 
d'eau  se  fait  a des  frequences  discretes,  mais  differents  phonomones,  en  particulier  la  pression  atmosphe- 
rique,  font  que  le  spectre  d'absorption  s'etend  sur  toute  la  gamme  des  longueurs  d'ondes  mi  1 1 imet riques . 

L' absorpt ion  engendree  par  les  molecules  d'oxygene  est  assez  bien  connue  et  pratiquement  constante,  sa 
densite  variant  tr#s  peu.  Sa  variation  peut  etre  considerin'  comme  nulle  sur  une  liaison  de  faible  distance. 
Les  evanou i ssement s les  plus  importants  sont  dus  a la  variation  de  la  masse  d'eau  par  une  unite  de  volume 
d’air  humide  (humid ite  absolue  en  g/m  ) brouillard  et  aux  precipitations. 


U)  J.W.  Ryde  and  D.  Ryde,  "Attenuation  of  centimetre  and  millimetre  waves  by  rain,  hail,  fogs,  and 
clouds",  RES. Labs,  of  the  General  Electric  Company , Wembley,  England,  Rep .8b70, 1945 . 

[2]  J.R.  Norbury  and  W.J.K.  White,  "Microwave  attenuation  at  35,8  GHz  due  to  rainfall".  Electron. 
Lett.  Vol.8  pp.  91-92,  24  Feb. 1972. 

[3]  J.O.  Laws  and  D.A.  Parsons,  "The  relation  of  raindrop-size  to  intensity",  Trans .Amer .Geophys . 
Union  Vol.24,  pp. 452-480,  1943. 

Ll  R.L.  01  sen,  D.V.  Rogers,  D.B.  Hodge,  "The  aR  Relation  in  the  calculation  of  rain  attenuation" 
IEEE  Trans .Ant .and  Propag.,  Vol.A.P.2h,  N°2,  March  1978. 
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Des  etudes  systemat iques  ont  ete  entreprises  afin  de  relever  les  differentes  perturbations 
apportees  par  ces  differents  elements  sur  le  niveau  de  reception  d'une  liaison  et  d'en  deduire  un  certain 
nombre  d'elements  essentiels  a l 'etab l issement  d’un  projet  industriel.  (Dynamique  des  CAG,  pourcentage  du 
temps  pendant  lequel  la  liaison  est  inexploi table , ...) . 

2.1  - F.quipements  et  systeme  de  mesure 

A l'aide  des  materiels  decrits  precedemment , une  liaison  radioelectr ique  a 31  GHz  sur  une 
distance  de  500  m a ete  installee  dans  la  region  parisienne,  a Conflan  Ste-Honor ine . Les  aeriens  utilises 
sont  des  antennes  paraboliques  munies  de  radomes  de  gain  de  30  dB,  installes  a une  hauteur  suffisante  pour 
eviter  les  evanouissements  importants  et  assurer  une  propagation  pratiquement  libre.  Les  oscillateurs  lo- 
caux  utilises  sont  des  oscillateurs  a etat  solide,  stabilises  en  temperature  et  delivrant  pour  l'oscilla- 
teur  local  d'emission  une  puissance  CW  de  23  dbm,  A cet  oscillateur  local  d'emission  est  associe  un  enre- 
gistreur  permettant  de  relever  les  fluctuations  occasionne 1 les  en  function  de  la  temperature.  A la  recep- 
tion, un  systeme  sensible  et  stable  a ete  developpe  dans  la  plage  de  derive  des  oscillateurs  loeaux  pour 
une  gamme  de  temperature  de  - 10°  C a ♦ 50°  C.  Ce  systeme  de  reception  est  du  type  superheterodyne  compor- 
tant  un  melangeur  en  structure  microelect ronique  decrit  precedemment.  Le  facteur  de  bruit  de  1 'ensemble  de 
la  chaine  de  reception  a 1 'entree  du  melangeur  a ete  mesure  et  est  egal  a 7 dB.  La  sensibilite  de  la  chai- 
ne  de  reception,  pour  une  bande  de  bruit  de  40  MHz,  est  meilleure  que  90  dbm.  Des  systemes  d 'enregi st re- 
ments  automat iques  des  resultats  ont  ete  mis  au  point  de  telle  sorte  qu'il  a ete  possible  de  realiser  tout 
au  long  de  I'annee  des  enregistrements  signif icatifs  des  conditions  climatiques  qui  prevalent  en  region 
parisienne.  Des  pluviometres , des  sondes  de  temperature  et  d'humidite  ainsi  que  des  enregi st reurs  continus 
de  la  puissance  de  reception  ont  ete  notairanent  installes  sur  la  liaison. 

2.2  - Resultats  exper imentaux 

Des  le  mois  d'avril  1977,  une  observation  systematique  et  continue  de  cette  liaison  a ete 
entreprise.  Des  mesures  de  1 ' af faibl issement  de  propagation  par  temps  clair  ont  ete  effectuees  et  les  re- 
sultats obtenus  sont  en  bon  accord  avec  la  theorie.  (116,2  dB  d ' af faibl i ssement  pour  500  m) . 

Grace  au  systeme  d ' enregi strement  automat ique  des  conditions  atmospher iques  et  des  varia- 
tions de  l 'af faib l issement  mis  en  place,  il  a ete  possible  de  constater  que  sur  une  1 iaison^aussi  courte, 
la  variation  du  taux  d'humidite  absolue  qui  a oscille  durant  toute  cette  periode  entre  3g/m  d'air  humide 
et  15g/m  , n'a  eu  aucune  influence  mesurable  sur  1 'affaibl issement  de  propagation. 

Les  releves  du  coefficient  d 'attenuation  en  fonction  de  l'intensite  de  la  pluie  sont  repre- 
sentes  sur  la  figure  5.  L'on  peut  remarquer  que  l'intensite  maximale  des  precipitations  relevee  durant 
toute  cette  periode  a atteint  1 'equivalent  de  64  mm/heure  pendant  4 minutes.  La  variation  d ' af fa ibl i ssement 
correspondant  a cet  orage  a ete  de  6,2  dB  pour  les  500  m de  la  liaison. 

Depuis  le  mois  d'avril  1977,  la  degradation  des  pertes  de  propagation  provoquec  par  les  pre- 
cipitations n'a  excede  3 dB  que  pendant  une  duree  totale  de  45  minutes. 


3 - CONCLUSION 


Dans  le  cas  d'une  transmission  radioel ectr ique  a 31  GHz,  1 ' augmentat ion  des  pertes  due 
aux  precipitations  peut  etre  compensee  sur  des  distances  de  I'ordre  de  5 km.  Nous  pensons  aussi,  grace 
egalement  aux  progres  realises  dans  le  domaine  des  eomposants  et  sous-ensembles,  qu'il  est  possible  desor- 
mais  de  realiser  des  equipements  fonctionnant  aux  longueurs  d'ondes  mil limetriques  presentant  des  perfor- 
mances electriques  tres  sat isfaisantes  avec  des  couts  de  fabrication  tres  acceptables. 


Figure  1 


Ensemble  Source-Modulateur  FIN 


Figure  1 his  : Modulsteur  bande  L 
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SUMMARY 


Measurements  have  been  made  of  attenuation  at  94  GHz  caused  by  rain  on  a 935  m 
terrestial  path  since  October  1977.  Simultaneously  the  raindrop  size  distribution  has 
been  measured  with  a distrometer,  together  with  the  rainfall  intensity  recorded  with  three 
rapid  response  rain  gauges  spaced  about  500  m apart  along  the  propagation  path. 

Using  the  actually  measured  raindrop  size  distribution  and  assuming  spherical 
raindrops,  the  attenuation  caused  by  rain  has  been  calculated  with  the  aid  of  Mie's 
scattering  theory  for  water  spheres.  The  result  is  compared  with  the  measured  data.  In 
case  of  uniform  rainfall  along  the  path  a good  agreement  has  been  observed  between  the 
measured  and  the  calculated  attenuation. 

This  paper  deals  with  the  description  of  the  propagation  link,  the  experimental 
results  and  the  comparison  between  theory  and  measurement.  The  paper  describes  also  the 
decrease  of  antenna  gain  at  94  GHz  due  to  water  on  a 1.2  m Cassegrain  antenna.  It  will  be 
shown  that  for  accurate  propagation  measurements  it  is  absolutely  necessary  to  equip  the 
antennas  with  protective  shelters. 


1.0  INTRODUCTION 

Crowding  of  the  microwave  frequencies  and  the  readily  availability  of  solid-state 
and  other  millimeter  wave  components  has  stimulated  the  use  of  millimeter  wave 
frequencies  for  radar  and  communication.  The  attenuation  due  to  rain  has  only  a small 
influence  on  systems  operating  in  the  microwave  region,  but  at  millimeter  wave  frequencies 
rain  attenuation  becomes  a dominant  factor.  Hence  the  knowledge  of  rain  attenuation 
statistics  is  of  particular  interest  for  reliable  system  design. 

Due  to  the  lack  of  sufficient  reliable  rain  attenuation  data  for  frequencies 
around  100  GHz,  a propagation  experiment  at  94  GHz  has  been  set  up  in  the  Netherlands 
in  order  to  supplement  these  data.  At  present  only  two  publications  (Sander,  J.,  1975; 
Zavody,  A.M.  et  al , 1976)  are  available  in  which  propagation  measurements  are  reported 
for  the  frequency  range  90-110  GHz.  A second  objective  of  this  propagation  experiment 
is  to  make  a comparison  between  the  measured  rain  attenuation  and  the  attenuation 
calculated  from  the  actually  measured  dropsize  distribution  using  Mie's  scattering  theory. 
It  will  be  shown  that  the  comparison  obtained  by  this  approach  reveals  a much  better 
agreement  between  theory  and  experiment  than  the  comparisons  where  the  calculated 
attenuation  is  based  on  one  of  the  commonly  used  dropsize  distributions,  such  as  the 
Laws-Parsons  distribution,  Marshall-Palmer  one  etc. 

The  measurements  of  the  attenuation  due  to  rain  at  94  GHz  on  a 935  m propagation 
path  have  been  started  in  October  1977.  Along  this  propagation  path  the  rainfall  rate 
and  the  dropsize  distribution  are  recorded  simultaneously. 


2.0  THEORETICAL  CONSIDERATIONS 

The  attenuation  of  electromagnetic  radiation  caused  by  rain  along  a propagation 
path  is  dependent  on  the  rainfall  intensity.  For  a path  of  extent  L,  the  attenuation  A(dB) 
through  rain  at  wavelength  X may  be  written  by 

L 

A = J Y ( X , z) dz 
o 


where  Y(X,z)  (dB/km)  is  the  specific  attenuation  due  to  rain  at  wavelength  X.  On  the 
assumption  that  the  raindrops  are  spherical,  randomly  situated  and  no  multiple  scattering 
occurs,  Y may  be  related  to  the  raindrop  size  distribution 

" 

Y ( X , z ) = 4.343  X 10  M N(z,D)QT(X,D)dD 

O 

where  D(mm)  is  the  raindrop  diameter,  N(z,D)dD  (m  3)  the  number  of  drops  per  unit  volume 
with  a diameter  between  D and  D + dD,  and  QT(mm2)  the  extinction-cross  section  of  a 


L 
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spherical  water  drop  with  diameter  D at  wavelength  \.  The  extinction-cross  section  Q 
can  be  calculated  using  Mie's  scattering  theory  (Kerker,  M.,1969)  for  spheres.  The 
permittivity  of  water  which  is  used  in  the  calculation  can  be  taken  from  the  publication 
of  Ray  (Ray,  P.S.,  1972).  The  relation  between  the  rainfall  rate  R(mm/h)  and  the  dropsize 
distribution  is  given  by 


CO 

Rlz)  = 1.885  x 10-3  J N (z , D) v (D) D3dD 


where  v(D)  (m/s)  is  the  fall  velocity  of  a drop  with  diameter  D. 


In  order  to  determine  the  specific  attenuation  Y as  a function  of  rainfall  rate 
R,  knowledge  is  required  of  the  fall  velocity  of  raindrops  as  a function  of  dropsize  and 
of  the  dropsize  distribution  as  a function  of  rainfall  rate.  For  the  fall  velocities  of 
the  drops  the  values  experimentally  determined  by  Gunn-Kinzer  (Gunn,  R.  et  al,  1949)  are 
generally  taken.  One  of  the  most  commonly  used  dropsize  distributions  for  the  calculation 
of  the  rain  attenuation  is  that  proposed  by  Laws-Parsons  (Laws,  J.O.  et  al,  1943).  Laws- 
Parsons  derived  their  dropsize  distribution  from  ground-based  pellet  measurements  and 
published  their  results  in  tabulated  form. 


Subsequently  Marshall-Palmer  (Marshall,  J.S.  et  al,  1948)  and  later  Joss  et  al 
(Joss,  J.  et  al,  1968)  proposed  distributions  of  a negative  exponential  type  that  give 
N ( D)  directly.  All  these  distributions  are  identical  in  expression 


N (D) 


N e 

o 


qD 


a R 


•0.21 


where  NQ  and  a are  constants  depending  on  the  type  of  rain.  Instead  of  a single  dropsize 
distribution,  as  proposed  by  Marshall-Palmer,  Joss  et  al  proposed  three  distributions 
applicable  to  three  types  of  rain:  drizzle,  widespread  and  thunderstorm.  The  constants  N0 
and  a for  evaluating  the  Marshall-Palmer  and  the  Joss  et  al  distributions  are  listed  in 
Table  1. 


Table  1.  Constants  for  the  evaluating  dropsize  distributions 


^TypeT'cTf  Constants 

dropsize  distribution  ' 

N _ 

-3  -1 

m mm 

a 

-1 

mm 

Marshal 1- Palmer 

8000 

4.  1 

Joss  et  al  drizzle 

30000 

5.7 

Joss  et  al  widespread 

7000 

4.  1 

Joss  et  al  thunderstorm 

1400 

3.0 

The  attenuation  due  to  rain  at  94  GHz  has  been  calculated  for  the  five  above  men- 
tioned dropsize  distributions.  The  results  of  these  calculations  are  shown  in  Fig.  1A  by 
the  solid  curves.  It  can  be  seen  that  the  attenuation  due  to  rain  at  94  GHz  is  strongly 
influenced  by  the  type  of  dropsize  distribution.  Since  the  measurements  of  raindrop 
spectra  have  shown  large  variations  for  the  same  location,  rain  type  and  rain  rate,  a 
comparison  between  theory  and  experiment  can  hardly  be  success  full  if  the  calculated 
attenuation  due  to  rain  is  not  based  on  the  actually  measured  dropsize  distribution. 


3.0 


INSTRUMENTATION 


3.  1 


Millimeter  equipment 


The  propagation  tests  have  be*?n  made  on  a terrestial  propagation  link  situated 
near  The  Hague.  The  path  length  of  the  link  is  939  meters  and  the  transmitting  and 
receiving  antennas  are  1.2  m Casseqrain  dishes.  The  two  antennas  have  a gain  of  58  dB 
and  a halfpower  beamwidth  of  0.19  degrees.  The  transmitting  antenna  is  placed  0.8  n>  above 
ground  level  at  one  end  of  the  link,  the  receiving  antenna  is  located  on  a tower  at 
the  other  end  at  a height  of  3.6  m.  Because  of  the  very  small  beamwidth,  no  ground 
reflections  are  picked  up  by  the  receiving  antenna. 


At  present  the  transmitted  signal  is  vertically  polarised  and  is  provided  by 
a 40  mW  CW  Impatt  oscillator.  During  reception  this  signal  is  modulated  at  1 kHz  rate  by 
a ferrite  switch  in  the  receiving  antenna  and  after  RF  detection  by  a 1N53  diode  fed 
to  a synchronous  detector.  Drift  problems  in  the  receiver  are  minimized  by  means  of 
temperature  stabilization. 


The  measuring  system  has  a dynamic  range  of  30  dB,  an  accuracy  of  5 percent  and 
a long  term  stability  of  t 0.15  dB. 


p 


3.2  Meteorological  equipment 

The  meteorological  measurements  along  the  link  consist  of  rainfall  rate,  drop 
size  distribution,  wind  speed  and  direction  In  the  horizontal  plane  and  atmospheric 
temperature,  pressure  and  humidity. 

The  rainfall  rate  Is  measured  with  three  rapid  response  rain  gauges  located  about 
500  m apart  along  the  propagation  path.  The  two  rain  gauges  placed  at  the  endpoints  of  the 
link,  are  commercially  available  instruments,  tradename  Ombrometer.  The  Ombrometer  is 
provided  with  a standard-drop  counter  for  measuring  rain  intensities  less  than  72  mm/h 
and  a t ippi ng-bucket  system  for  measuring  higher  intensities.  The  third  rapid  response 
rain  gauge,  located  at  midpoint  along  the  propagation  path,  is  of  the  standard-drop 
counting  type  and  is  made  at  the  Physics  Laboratory  TNO.  Near  the  receiver  site  a second 
TNO  made  rapid  response  rain  gauge  is  installed.  This  instrument  is  used  for  checking 
purposes . 

Information  on  raindrop  size  distribution  is  obtained  with  a dlst route ter  which 
measures  the  moments  of  drops  falling  on  an  elect romagnet leal  sensor  ol  50*  cm  area.  This 
instrument  distinguishes  between  drops  with  a time  spacing  of  about  1 msec  and  can 
measure  diameters  between  0.3  and  5 mm.  The  measured  drops  are  catalogued  Into  20  size 
classes  with  a resolution  varying  from  0.1  mm  for  small  drops  to  0.5  mm  for  large  drops. 


If  indicates  the  number  of  drops  with  diameters  (mm)  between  Dj  - 0.5.MJj  and 
D.  + 0,5AD^  striking  the  surface  S (cm*)  of  the  distrometer  In  time  T (sec),  then  the 
corresponding  number  of  drops  per  unit  volume  (m-  3)  Is  given  by 


N (Di ) ADi 


ST.voy 


where  vtD^)  (m/sec)  is  the  fall  velocity  of  a drop  with  diameter  Pt. 

The  rainfall  rate  (mm/h)  averaged  over  Ts  follows  from 

““sf1  Ni(D3  t 0.250^) 
s 1 = 1 

in  case  of  uniform  distribution  for  P in  each  class. 

Information  on  the  20  size  classes  as  distinguished  by  the  distrometer  and  on  the 
fall  velocities  of  the  drops  Is  given  by  Table  2. 

Table  2.  Diameters  and  fall  velocities  for  the  20  size  classes  of  the  distrometer. 


D 

(mm) 

ADt 

(mm) 

P1 

(mm) 

V(Pj) 

(m/s) 

0.  3 

- 

0.4 

0.  1 

0.35 

1 . 40 

0.4 

0.5 

0.  1 

0.4  5 

1.84 

0.5 

- 

0.6 

0.  1 

0.55 

0.6 

- 

0.  7 

0.  1 

0.65 

2.67 

0.7 

0.8 

0.  1 

0.75 

3.0  7 

0.8 

- 

1.0 

0.2 

0.0 

3.67 

1.0 

- 

1 . 2 

0.2 

1 . 1 

4 . 34 

1.2 

1.  4 

0.2 

1 . 3 

4.9| 

l . 4 

1.6 

0.2 

1.5 

5.4  1 

1.6 

** 

1.8 

0.2 

1.7 

5.87 

1.8 

- 

2.  1 

0.3 

1 . 95 

6 . 31 

2.  1 

- 

2.4 

0.3 

2, 25 

6 . 99 

2.4 

- 

2.7 

0.3 

2.55 

7.50 

2.7 

- 

3.0 

0.  3 

2.85 

7.88 

3.0 

- 

3.  3 

0.3 

3.15 

8.21 

3.  3 

- 

3.7 

0.4 

3.5 

8.52 

3.7 

- 

4.  1 

0.4 

3.9 

8.78 

4.  1 

- 

4.5 

0.4 

4.3 

4.5 

- 

5.0 

0.5 

4.  75 

9.06 

5.0 

0.5 

5.2  5 

9.  13 

The  distrometer  is  located  near  the  receiver  site  close  to  the  Ombrometer  and  t lie 
TNO  made  rain  gauge. 
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A single  anemometer  measures  wind  speed  and  direction  in  the  horizontal  plane. 
Atmospheric  pressure,  temperature  and  relative  humidity  are  measured  with  a barometer, 
a thermometer  and  a hydrometer  respectively.  The  location  of  these  instruments  is  in  the 
neighbourhood  of  the  receiver  site. 

4.0  LOSS  IN  ANTENNA  GAIN  FOR  A WET  1.2  M CASSEGRAIN  ANTENNA  AT  94  GHz 

From  the  beginning  of  the  94  GHz  propagation  experiment  it  was  recognized  that 
rain  on  uncovered  antennas  could  introduce  unpredictable  additional  attenuation  beside 
the  attenuation  due  to  rain  along  the  path.  In  order  to  see  to  which  extent  water  on 
antennas  and  randomes  can  degrade  the  accuracy  of  rain  attenuation  measurements  at  94  GHz, 
a series  of  artificial  wetting  tests  have  been  carried  out  on  one  of  the  1.2  m Cassegrain 
antennas.  Beside  the  whole  antenna  also  the  various  parts  were  separately  sprayed  with 
water  and  every  time  the  loss  in  antenna  gain  has  been  measured.  Also  the  loss  due  to  a 
wetted  reinforced  teflon  sheet  placed  in  front  of  the  antenna  has  been  measured.  During 
all  these  wetting  tests,  large  fluctuations  in  antenna  loss  have  been  observed  and  the 
results  in  terms  of  minimum  and  maximum  loss  values  are  presented  in  Table  3. 

Table  3.  Wetting  tests  on  a 1.2  m Cassegrain  antenna  at  94  GHz. 


Condition 

decrease  in  antenna  gain  (dB) 

whole  antenna  wet 

3.0  - 5.8 

only  radome  on  feedhorn  wet 

1.8  - 3.5 

only  subreflector  wet 

1.4  - 2.1 

only  main  reflector  wet 

0.3  - 0.9 

only  teflon  sheet  in  front  of 
antenna  wet 

0.6  - 1.0 

10  seconds  after  stopping 
to  spray  water  in  sheet 

0.25 

This  table  clearly  shows  that  water  on  reflector  antennas  and  radomes  can  cause 
considerable  losses.  Since  the  decrease  in  antenna  gain  occurs  in  an  unpredictable  manner 
accurate  rain  attenuation  measurements  are  hardly  possible  with  uncovered  antennas. 

A wet  teflon  radome  introduces  much  less  degradation  in  antenna  gain  as  is  shown 
in  Table  3.  Therefore,  radomes  can  be  a useful  solution  for  long  propagation  links  where 
high  rain  attenuations  will  be  encountered.  However,  for  short  propagation  links  the 
fluctuations  in  antenna  gain  due  to  a wet  radome  are  still  unacceptably  high. 

In  our  propagation  experiment  each  Cassegrain  antenna  has  been  placed  behind  a 
teflon  sheet  at  the  end  of  a 4 m long  tunnel.  Precautions  have  been  taken  also  to  prevent 
condensation  of  water  on  the  teflon  sheets.  The  photographs  in  Figs  2-3  show  the  tunnels 
in  which  the  transmitting  and  receiving  Cassegrain  antennas  have  been  placed. 

5.0  DATA  RECORDING  AND  HANDLING 

The  registration  of  the  data  is  done  in  digital  form  on  cassette  tape  under  control 
of  a 8 K memory  minicomputer.  The  data  of  each  instrument,  except  the  data  of  the  distro- 
meter,  are  recorded  with  an  accuracy  of  1 1 bits  together  with  an  instrument  label.  Each 
registered  data  quantity  occupies  3 characters  of  8 bits  on  cassette  tape. 

The  drops,  observed  by  the  distrometer,  are  not  individually  registered  on  cassette  tape, 
but  are  first  sorted  according  to  size  by  the  minicomputer.  The  minicomputer  counts  also 
the  number  of  drops  in  each  size  category  and  once  per  83  seconds  a histogram  for 
registration  on  cassette  tape  is  formed.  Only  when  drops  are  counted  in  a size  category, 

3 characters  of  8 bits  are  recorded  on  cassette  tape  containing  the  number  of  counted 
drops,  the  size  category  and  the  instrument  label  of  the  distrometer. 

The  sampling  period  is  for  all  instruments  equal  to  83  seconds  except  for  the  94  GHz 
propagation  for  which  the  sampling  period  is  16  2/3  seconds.  Data  from  the  instruments 
are  collected  on  a semi-continuous  basis,  the  measurements  are  performed  during  37 
minutes  per  hour,  night  and  day.  The  remaining  23  minutes  per  hour  data  recording  does 
not  take  place  because  of  use  of  the  minicomputer  in  an  optical  propagation  experiment. 
During  the  hourly  37  minute  recording  period  data  and  time  labels  are  recorded  twice  on 
cassette  tape. 

To  ensure  rational  use  of  cassette  tape,  the  measured  data  of  all  rain  instruments 
are  only  recorded  in  case  of  positive  non-zero  values.  The  output  of  data  of  the 
propagation  experiment  amounts  to  less  than  one  cassette  tape  per  week. 

The  numerical  treatment  of  data  is  made  with  a CDC  6400  computer.  The  data  from 
the  cassette  tape  is  converted  into  CDC  6400  format,  processed  and  subsequently  placed 
in  library  files.  In  order  to  facilitate  data  handling  and  processing,  extracts  are  made 
from  the  original  files,  which  only  contain  data  taken  during  rainfall.  These  extracts 
are  also  placed  in  library  files. 

The  listing  of  the  computer  printout  in  Fig.  4 illustrates  the  processed  data  of 
a file  containing  only  data  taken  during  rainfall.  The  first  column  of  this  listing  with 
the  heading  DAY/TIME  gives  the  date  and  time  of  the  recording.  The  first  data-time  label 
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in  the  listing  134/0112  corresponds  with  15  April  1978/1  hr  12  min.  The  second  column  with 
the  heading  MPROP  gives  the  measured  specific  attenuation  and  the  third  column  with  the 
heading  CPROP  gives  the  calculated  specific  attenuation  derived  from  the  dropsize 
distribution  measured  with  the  distrometer.  The  number  of  drops  observed  by  the  distro- 
meter  and  the  distribution  over  the  20  size  classes  are  shown  in  the  next  20  columns.  The 
next  3 columns  with  the  headings  DISTR,  RAIN1  and  0MBR1  give  the  rainfall  rates  determined 
by  the  distrometer,  the  first  TNO  made  rapid  response  rain  gauge  and  the  first  Ombrometer, 
respectively.  These  three  instruments  are  grouped  together  at  the  receiver  site.  The  last 
two  columns  with  the  headings  RAIN2  and  OMBR2  give  the  rainfall  rate  determined  by  the 
second  TNO  made  rain  gauge,  located  at  midpoint  along  the  propagation  path,  and  the 
second  Ombrometer,  located  at  the  transmitter  site,  respectively.  At  the  time  of 
recording  the  second  TNO  made  rain  gauge  was  out  of  use.  Each  row  in  the  listing 
corresponds  with  a 83  second  sampling  period. 


6.0  EXPERIMENTAL  RESULTS  AND  COMPARISON  WITH  THEORY 

Fig.lA  shows  the  measured  attenuations  for  vertical  polarisation  (denoted  by 
triangles  A)  and  the  calculated  attenuations  based  on  the  actually  measured  dropsize 
distribution  (denoted  by  crosses  +)  as  a function  of  the  measured  rainfall  rates.  The 
measured  attenuation  and  rainfall  rate  values  are  averaged  over  83  seconds.  All  the 
displayed  measured  attenuation  points  represent  measurements  with  almost  uniform  rainfall 
along  the  whole  propagation  path.  Fig. IB  expresses  in  detail  the  agreement  between  the 
measured  attenuation  and  that  calculated  from  the  actually  measured  dropsize  distribution. 
The  points  denoted  by  circles  (o)  give  the  difference  of  the  measured  attenuation  with 
the  calculated  attenuation.  It  can  be  seen  that  the  agreement  between  theory  and 
measurement  is  very  satisfactory.  Only  for  low  rainfall  rates  the  measured  attenuations 
are  in  most  cases  slightly  higher  than  the  calculated  ones.  Possible  cause  is  that  the 
distrometer  is  not  able  to  measure  drop  diameters  smaller  than  0.3  mm. 


7.0  CONCLUSION 

For  vertically  polarised  transmissions  on  a 935  m path  a very  satisfactory  agree- 
ment has  been  obtained  between  experimental  and  theoretical  attenuation  in  case  of 
uniform  rainfall  rates  along  the  whole  path.  The  reasons  for  this  good  agreement  are: 
calculation  of  theoretical  attenuation  using  actually  measured  dropsize  distributions 
and  the  use  of  antennas  placed  in  protective  shelters. 
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ThEORET  1CAL  CURVES  FOR  VARIOUS  DROP  SIZE  DISTRIBUTIONS 
X - JOSS  ET  AL.  DRIZ2LE 

2 - MARSHALL  AND  PALMER 

3 - LAVS  AND  PARSONS 

4 - JOSS  ET  AL.  THUNDERSTORM 

5 - JOSS  ET  AL.  WIDE  SPREAO 


* MEASURED  ATTENUATION 

4-  CALCULATED  ATTENUATION  OERIVEO  FROM  MEASIAED  RA1NOROP  SIZE  DISTRIBUTION 


FIG.  TA  MEASURED  AND  CALCULATED  ATTENUATION  VERSUS  RAINFALL  RATE  AT  94 


FIG.  IB  DIFFERENCE  OF  MEASURED  AND  CALCULATED  ATUNUAUON 


FIG.  1 RAINFALL  ATTENUATION  AT  94  G*?i  COMPARISON  OF  THEOR>  AW  MEASUREMENT 


View  of  the  inside  of  the  4 m long  tunnel  housing  the 
1.2  m Cassegrain  antenna. 


Sideview  of  the  4 m long  tunnel  housing  the  receiving  1 
antenna . 
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Fig.  4.  Listing  of  computer  printout  of  processed  data 
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DISCUSSION 


Comment  by  A.S.Vander  Vorst.  Belgium 

About  the  question  by  Valentin  on  the  near  field  of  antenna. 

Two  different  results  have  been  published.  One,  by  Watson  (Electr.  Letters,  1478)  shows  that  rain  attenuation 
measurements  do  not  depend  on  the  near  field  of  the  antenna.  The  other  one,  by  Wiesbeck  (A.2.V.,  1 474  and 
1476)  relates  to  radar  and  shows  that  the  coherent  echo  is  proportional  to  the  inverse  of  the  gain  which  makes  the 
result  depending  on  the  near  field. 


M.C.Carter,  UK 

Could  you  tell  me  if  the  4 m long  tunnel  in  front  of  the  aerial  affects  the  polar  diagram?  And  does  the  polar 
diagram  change  in  wet  and  dry  conditions  of  the  tunnel? 

Author's  Reply 

The  cross-section  of  the  tunnel  has  been  varied  from  very  large  to  the  actual  size  tnd  all  the  time  and  antenna 
radiation  pattern  has  been  observed.  No  deviation  from  the  uncovered  situation  has  been  observed,  even  not  for  the 
ease  that  the  wooden  walls  have  been  covered  with  metal  sheets.  From  these  experiments  we  concluded  that  water 
on  the  walls  of  the  tunnel  will  not  have  any  influence  on  the  antenna  radiation  pattern. 


G.Tricoles,  US 

Would  you  describe  the  checks  on  multipath? 

Why  did  you  choose  vertical  polarization? 

Author's  Reply 

(1)  Due  to  the  very  small  beamwidth  of  both  antennas  of  0.18  degrees  and  the  low  sidelobe  levels  and  due  to  the 
slanted  path  no  multipath  effects  will  occur. 

(2)  The  first  experiments  have  been  performed  with  vertical  polarization,  horizontal  polarization  will  be  used  in 
the  near  future. 
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MEASUREMENTS  OF  EFFECTIVE  SEA  REFLECTIVITY  AND  ATTENUATION  DUE  TO  RAIN  AT  81  GHz 

R J Sherwell 

Admiralty  Surface  Weapons  Establishment,  Portsmouth,  UK. 

SUMMARY 


The  performance  of  millimetre-wave  radars  in  a maritime  environment  is  critically  dependent  on  the 
absorption  characteristics  of  the  atmosphere  close  to  the  sea  and  on  the  effective  reflectivity  of  the  sea 
surface.  Many  theoretical  predictions  have  been  made,  but  little  experimental  data  has  been  published. 
This  paper  describes  results  obtained  with  a link  at  81  GHz  established  over  a 5.6  km  path  close  to  the 
sea  surface  in  S.  England.  It  concludes  that  the  probability  of  observing  large  values  of  specular 
reflection  coefficient  is  very  small  and  highlights  the  need  for  better  data  on  which  to  predict  the 
statistical  behaviour  of  attenuation  at  millimetre  wavelengths  with  rainfall  over  maritime  paths. 

1.  INTRODUCTION 

Conventional  X-band  tracking  radars  provide  inadequate  performance  when  the  target  is  close  to  the  sea 
because  of  multipath;  that  is  the  tracker  is  unable  to  distinguish  between  the  target  and  its  image  in  the 
sea.  One  solution  to  this  problem  is  to  use  a higher  radar  frequency.  For  a given  aperture,  the  antenna 
beam  width  is  inversely  proportional  to  frequency  and  so  if  the  operating  frequency  of  the  radar  is 
increased  the  gain  of  the  antenna  in  the  direction  of  the  image  of  the  target  in  the  sea  is  less  and  the 
effect  of  multipath  is  reduced.  In  addition  the  sea  appears  rougher  as  frequency  increases  so,  for  a 
given  sea  state,  the  effective  reflectivity  of  the  sea  is  reduced.  A preliminary  study  has  shown  that  the 
choice  of  optimum  frequency  lies  in  one  of  the  two  so-called  atmospheric  windows  at  30-35  GHz  and 
75-95  GHz.  The  lower  frequency  band  has  the  advantage  of  better  component  availability  and  less  rain 
attenuation  and  clutter,  whereas  the  use  of  a higher  frequency  gives  a significantly  narrower  antenna 
beam  width  for  a given  aperture.  The  final  choice  depends  on  the  availability  of  more  reliable  measure- 
ments of  certain  critical  parameters  such  as  atmospheric  attenuation  close  to  the  sea,  the  magnitude  of 
sea  and  rain  backscatter  coefficients  and  the  effective  sea  reflectivity,  particularly  at  the  higher 
frequencies  of  interest.  This  paper  describes  measurements  which  have  been  made  to  provide  this  data  at 
81  GHz. 

2.  EFFECTIVE  SEA  REFLECTIVITY 

The  effective  reflectivity  of  the  sea  at  low  angles  of  incidence  was  measured  at  81  GHz  using  a one-way 
propagation  link,  5.6  km  long,  established  at  low  level  over  the  sea  near  Portsmouth.  The  site  plan  is 
shown  in  Figure  1.  The  transmitter  was  a cw  Varian  klystron  modulated  at  1 kHz  and  the  receiver  used  a 
Plessey  IMPATT  local  oscillator,  a G EC  balanced  mixer  and  a narrow-band,  post-detection  filter  centred  at 
1 kHz.  The  dynamic  range  of  the  system  was  40  dB.  The  gains  of  the  transmitting  and  receiving  antenna 
(46  and  53  dB  respectively)  were  not  chosen  to  give  narrow  beams  but  were  deliberately  picked  to  give 
appreciable  gain  in  the  direction  of  the  sea.  Both  antennas  were  mounted  10  m above  mean  sea  level,  but 
the  path  difference  between  direct  and  reflected  signals  was  allowed  to  vary  as  the  tide  state  changed. 
Thus  at  certain  tide  states  appreciable  cancellation  occurred  and  the  total  received  signal  went  through 
a series  of  maxima  and  minima  as  can  be  seen  in  Figure  2,  which  shows  a typical  14  hour  period  in  a calm 
sea.  This  graph  was  produced  by  sampling  and  recording  the  received  signal  every  2 seconds.  The  site 
geometry  is  such  that  a tide  change  of  only  0.5  metres  is  required  for  the  received  signal  to  move  from  a 
maximum,  through  a minimum  to  the  next  maximum,  giving  the  8 peaks  shown  for  a tide  change  of  4 metres. 
From  the  peak  to  trough  ratios  of  the  received  signal  and  a knowledge  of  antenna  gains  the  effective 
specular  reflectivity  of  the  sea  can  be  calculated  and  from  the  width  of  the  trace  the  diffuse  reflection 
coefficient  can  be  estimated.  The  results  are  summarised  in  Figure  3.  On  this  graph  are  shown  the 
effective  specular  and  diffuse  coefficients  as  a function  of  rms  surface  roughness  o sin  6,  where  a is 

X 

the  rms  wave  height.  B is  the  grazing  angle  and  X the  radar  wavelength.  The  two  solid  curves  are  from 
Beckmann  and  Spizzichino  (1963)  and  represent  well  the  behaviour  of  specular  (ps)  and  diffuse  (pq) 
reflectivities  at  lower  radar  frequencies.  The  experimental  points  for  ps  agree  well  with  the  curve  for 
sea  state  2 and  above  (corresponding  to  an  rms  surface  roughness  of  about  0.12)  but  at  lower  sea  states 
the  agreement  is  less  good  and  high  values  of  ps  are  not  often  seen.  The  reason  for  this  descrepancy  is 
believed  to  be  that  the  macroscopic  description  of  the  sea  surface  in  terms  of  rms  wave  height  is  not 
sufficiently  accurate  at  very  short  wavelengths.  It  was  observed  that  values  of  ps  approaching  unity 
occurred  only  when  the  sea  was  mirror-calm  and  that  the  presence  of  small  wind-generated  capillary  waves 
was  sufficient  to  reduce  ps  significantly.  Measured  values  of  pp  agree  reasonably  well  with  the  Beckmann 
and  Spizzichino  curve,  but  no  values  were  measured  in  high  sea  states.  No  difference  in  p$  or  pp  was 
observed  between  vertically  and  horizontally  polarised  beams.  The  important  conclusions  to  be  drawn  from 
these  results  are  that  the  probability  of  observing  values  of  ps  in  excess  of  about  0.65  is  very  low  since 
mirror-calm  seas  are  very  rare  and  that  in  sea  state  2 and  above  the  effective  specular  coefficient  will 
be  less  than  0.4.  This  result  represents  an  important  advantage  for  the  use  of  such  high  radar 
frequencies. 


3.  EFFECT  OF  RAINFALL 


3.1  The  absorption  coefficient  as  a function  of  rainfall  rate,  drop  size  distribution  and 

frequency  is  well  known  (see,  for  example,  Lin,  S.H.  1975).  But  rainfall  rate  is  seldom  uniform  along 
path  lengths  of  interest  in  radar  systems.  This  is  illustrated  in  Figure  4,  which  shows  a comparison  of 
the  rates  (integrated  over  1 minute  intervals)  measured  at  each  end  of  the  link  during  a typical  shower. 
The  standard  requirement  for  military  systems  to  work  in  rainfall  rates  of  up  to  4 mm  per  hour  is  thus 
somewhat  meaningless  since  uniform  rain  at  such  a rate  over  ranges  of  practical  interest  is  unlikely. 

This  has  long  been  appreciated  by  users  of  land-based  communications  systems  and  models  exist  (eg  Harden, 
Norbury  and  White  1978)  which  predict  the  percentage  of  time  during  which  attenuation  across  a given  range 
will  exceed  given  levels.  This  is  a much  more  meaningful  criterion.  Such  models  are  unlikely  to  be  valid 
at  sea  and  unfortunately  no  adequate  statistics  appear  to  exist  on  which  a sea-based  model  could  be 
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constructed.  The  British  Meteorological  Office  is  currently  examining  this  situation  with  a view  to 
providing  such  data.  The  provision  of  an  adequate  model  is  considered  important,  since  the  use  of  the 
4 mm  per  hour  criterion  may  give  an  unduly  pessimistic  view  of  the  potentialities  of  millimetre  wave 
systems.  Our  present  link  is  unsuitable  for  the  generation  of  data  since  rainfall  statistics  would  be 
dominated  by  the  presence  of  land,  but  the  effect  of  spatial  non-uniformity  of  rainfall  can  be  seen  in 
Figure  5 in  which  measured  attenuations  are  plotted  as  a function  of  rainfall  rate  measured  at  the 
receiving  end  only  (Integrated  over  a 1 minute  period).  Insufficient  data  was  collected  for  the  results 
to  be  statistically  valid,  but  the  solid  curve  on  the  graph  which  is  a least-squares  fit  to  the  data, 
shows  clearly  the  effect  of  spatial  non -uniformity  of  rainfall  rate  above  about  2.5  ran  per  hour.  At  low 
rates  the  slope  of  the  line  corresponds  to  an  absorption  coefficient  of  0.9  dB/km,  in  reasonable  agreement 
with  other  published  data  from  short  links. 

3.2  A possible  source  of  error  in  the  measurement  of  absorption  coefficients  over  short  links  is 

the  effect  of  water  on  the  radomes  or  antennas  of  the  measurement  facility.  In  a preliminary  investi- 
gation, a garden  spray  was  used  to  wet  the  radome  of  the  receiver  in  a 500  m land-based  link  at  81  GHz. 

It  was  not  possible  to  quantify  the  spray  rate  in  terms  of  rainfall  rate,  but  in  what  could  qualitatively 
be  called  heavy  rain  additional  losses  of  up  to  3 dB  were  observed,  falling  to  less  than  0.25  dB  about 
30  seconds  after  spraying  had  ceased.  Unless  special  steps  are  taken  to  protect  radomes,  then  serious 
anomalies  can  result  in  the  measurement  of  absorption  coefficients  using  short  ranges.  It  is  obvious, 
too,  that  this  effect  needs  further  investigation  in  practical  radar  systems,  especially  where  the  antenna 
is  to  be  mounted  on-board  ship  and  be  subject  to  sea  spray. 

4.  CONCLUSIONS 

Measurements  of  the  effective  reflectivity  of  the  sea  have  shown  that  the  probability  of  observing  strong 
specular  multipath  at  81  GHz  is  very  low.  The  need  for  a statistical  model  to  predict  the  effect  of 
rainfall  on  the  System  performance  of  millimetre  wave  radars  at  sea  has  been  highlighted  by  preliminary 
measurements  of  rainfall  attenuation  across  a 5.6  km  link.  Many  other  measurements,  especially  of  back- 
scatter  from  rain  and  sea,  need  to  be  made  before  the  choice  of  optimum  operating  frequency  can  be  made 
and  to  this  end  a prototype  tracker  at  81  GHz  is  currently  being  coranissioned  at  ASHE. 
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SUMMARY 


This  paper  describes  and  presents  the  results  of  an  experiment  designed  primarily  to  measure  at- 
tenuation due  to  rain  at  74  GHz.  Emphasis  is  placed  on  comparisons  between  measured  and  theoretically 
predicted  attenuation.  The  latter  is  based  on  measured  as  well  as  some  wldelv-used  drop-size  dlstrlbu- 
t Ions. 


1.  INTRODUCTION 

Increasing  Interest  in  higher  frequencies  has  created  a need  for  more  knowledge  about  atmos- 
pheric propagation  of  millimetre  waves.  Of  major  concern  is  attenuation  due  to  rain.  Unlike  the  situa- 
tion at  lower  frequencies.  It  Is  not  possible  to  accurately  predict  the  attenuation  from  knowledge  of  rain 
rates  alone  because,  at  mm-wavc  frequencies,  the  drop-size  distribution  is  far  more  important  in  the  cal- 
culation of  attenuation  (Olsen  et  al.,  1978).  In  addition,  the  measurement  of  rain  rates  in  most  previous 
experiments  has  not  been  done  with  sufficient  temporal  and  spatial  resolution  to  allow  accurate  determina- 
tion of  "Instantaneous"  path-average  rain  rates  to  be  made  (See  Medhurst , 1965  and  Watson,  1976  for  a sur- 
vey of  experiments).  As  a result  of  the  above  two  factors,  it  has  not  been  possible  to  make  accurate  cor- 
relations between  measured  and  theoretically-predicted  attenuation  values  at  these  frequencies. 

The  present  experiment,  in  a similar  way  to  some  recent  experiments  (e.g.  Fedi,  1973  and  Zavody 
and  Harden,  1976),  has  been  designed  with  the  above  in  mind.  Our  observations  indicate  that,  even  within 
relatively  short  periods  of  time,  attenuation  due  to  rain  over  the  same  path  can  vary  within  a wide  margin 
at  any  particular  rain  rate,  especially  at  low  and  moderate  rain  rates.  Thus,  a system  to  measure  drop- 
size  distribution  has  been  constructed  in  an  attempt  to  more  fully  explain  the  behaviour  of  the  observed 
attenuation.  The  drop-size  measuring  system  appears  to  function  correctly  hut  a satisfactory  comparison 
between  calculated  attenuation  based  on  drop-size  measurements  and  measured  values  has  not  yet  been 
achieved  with  the  limited  data  recorded. 


2.  THE  EXPERIMENT 

2.1  General  Description 

The  transmission  path  is  of  the  radar  type,  almost  horizontal  and  has  a total  (return)  length  of 
approximately  1.8  km.  The  layout  of  the  path  is  shown  in  Fig.  1.  With  this  arrangement,  at  74  GHz,  no 
multipath  fading  is  likely  to  take  place  and  any  excess  attenuation  is  considered  to  be  entirely  due  to 
preclpltat Ion. 

The  transmitting  and  receiving  equipment  and  the  data  logging  system  are  located  at  the 
Electrical  Engineering  building  on  the  extreme  right  of  Fig.  1 and  a passive  plane  reflector,  1 m x 1 m, is 
loc  ed  on  the  roof  of  the  building  on  the  extreme  left. 

The  antennas  used  are  paraboltc  reflectors  of  approximately  1 m diameter  and  have  measured  gains 
of  49.5  db  and  48.  db  for  the  transmitting  antenna  and  receiving  antenna,  respectively.  Air  is  continuous- 
ly pumped  through  the  entire  waveguide  system.  Including  antenna  feeds,  to  keep  the  system  dry  and  to  make 
sure  that  no  moisture  accumulates  at  the  feed  apertures. 

The  microwave  source  la  a 500  mW  klystron. The  receiver  is  a narrow-band  phase/amplitude  receiver 
with  a dynamic  range  of  60  db  and  0.25  db  linearity.  Horizontal  polarization  is  used  and  a clear-weather 

fade  margin  of  about  40  db  is  obtained. 

Five  identical  specially-constructed  tipping-bucket  rain  gauges,  relatively  closely  spaced  at 
220  m along  the  path,  are  placed  on  the  roofs  of  certain  buildings,  as  indicated  by  the  circles  in  Fig.  1. 
The  tip  size  of  the  gauges  is  0.05  ntn,  which  is  1/5  that  of  standard  gauges  and  therefore  gives  a much 
shorter  Integration  time  (18  seconds  at  10mm/hr.).  It  has  proved  important  to  have  at  least  thia  number 
of  gauges  along  the  transmission  path  because,  at  times,  the  rain  rates  measured  by  the  individual  gauges 
differ  considerably,  especially  at  the  edge  of  an  approaching  or  departing  rain  cell.  Temperature  and 
wind  velocity  are  also  measured  and  recorded  on  a continuous  basis. 

2.2  Drop-size  Apparatus 

An  electrostatic  transducer,  similar  to  the  one  described  by  l.ammers,  1969,  has  been  constructed. 

Its  basic  elements  are  two  fine  nichrome  wire  grids.  The  two  grids  aTe  placed  in  a horizontal  position 

one  above  the  other  with  a spacing  of  4 cm  between  them,  as  shown  in  Fig.  2.  The  top  grid  is  maintained 
at  a potential  of  300  V above  ground  and  the  bottom  grid  is  connected  to  ground  through  a very  high  resis- 
tance. As  a rain  drop  falls  through  the  first  Rrid  it  picks  up  a charge  related  to  its  diameter.  Part  of 
this  charge  is  deposited  on  the  second  grid  as  the  drop  passes  through  it.  The  flow  of  this  charge 


through  the  high  resistance  to  ground  produces  a voltage  pulse  whose  amplitude,  alter  amp 1 1 f teat  Ion  and 
filtering  l*  used  to  categorize  the  drops  according  to  diameter  into  sixteen  size  categories. 

A microprocessor  svstem  (RCA  1802)  is  used  to  sort  the  drops  and  compute  the  number  of  drops  in 
each  category  every  second.  The  amplified,  filtered  pvilse  due  to  each  drop  is  rapidly  (2S  usee)  sampled 
and  digitized  bv  a 12  bit  A/D  converter.  The  microprocessor  determines  the  peak  pulse  voltage  bv  compar- 
ing successive  digitization  results.  The  peak  value  is  then  compared  to  stored  category  boundary  cons- 
tants to  determine  the  diameter  category  in  which  the  drop  belongs.  Once  per  second  the  main  data- 
acqulatt ion  minicomputer  interrogates  the  microprocessor  and  the  total  number  of  drops  in  each  of  the  16 
categories  is  transferred  for  recording  on  magnetic  tape.  With  the  25  era*  collecting  area  of  the  trans- 
ducer, there  is  a negligible  probability  that  a drop  will  he  missed  bv  the  microprocessor  during  a sorting 
or  data-t ransf er  routine,  even  during  heavy  rain. 

The  apparatus  was  calibrated  in  the  laboratory  with  drops  of  various  known  sizes.  Large-  and 
medium-sized  drops  were  formed  bv  gravity  and  surface  tension  through  orifices  of  different  diameters,  geo 
metries  and  materials.  Drops  under  1 mm  diameter  were  formed  bv  guiding  a uniform  flow  of  air  around  the 
orifice  of  a very  small  diameter  nozzle.  The  calibration  of  this  transducer  yielded  the  relation: 

1 97 

Voltage  pulse  amplitude  • Constant  x D , 

where  D is  the  drop  diameter.  This  is  similar  to  Lanmers'  result,  where  the  output  voltage  was  proport  ion 
a l to 

2.3  Data-acquis it  Ion  System 

The  main  component  in  this  svstem  is  a NOVA  ralnic orapxxt er . A block  diagram  is  show  in  Fig.  1. 
Information  already  in  digital  form  (24  channels)  is  fed  directly  to  the  computer,  while  informal  ion  in 
analog  form  reaches  the  computer  via  an  A/D  converter  (16  channels).  Calculation  of  rain  rates  is  also 
performed  in  this  computer  (8  channels).  The  information  in  the  48  v.ords  is  recorded  on  1/2",  9 track 
magnetic  tape  compatible  with  IBM  computers.  Further  processing  is  done  at  the  University  Computing 
Centre  and  the  processed  data  are  finally  recorded  on  tape  as  part  of  a permanent  data  base. 

All  measured  quantities  are  sampled  once  a second  except  for  the  state  of  the  rain  gauges  where 
sampling  is  done  at  the  rate  of  16  times  per  second. 


3.  EXAMPLES  OF  T11F.  RESULTS 

A useful  description  of  a ra  in/at  tenu.it  ion  activity  is  the  graphical  representation  of  Fig.  4. 

In  this  figure,  tho  upper  plot  gives  the  relative  amplitude  of  the  received  signal  in  decibels  versus 
time  in  hours,  while  the  lower  plot  shows  path-average  rain  rate  in  mm/hr.  For  the  above  activity,  tho 
mean  specific  attenuation  is  plotted  against  path-average  rain  rate  in  Fig.  5.  The  latter  is  grouped  in 
classes  differing  bv  0.*»  mm/hr.  The  attenuation  values  thus  calculated  agree  quite  well  with  those  pre- 
dicted t heoret leal l v bv  employing  Lavs  and  Parsons  drop-size  distribution  (Modhxxrst  , 1965). 

Although  several  other  storms  yielded  similar  results,  many  others  did  not.  As  an  example  of 
the  latter.  Fig.  6 shows  the  specific  attenuation  versus  path-average  rain  rate  for  a rain  activity  that 
extended  for  a period  of  about  23  hours  (on  and  off).  The  solid  curves  1-5  give  theoret leal ly  predicted 
values  based  on  some  widely-used  drop-size  distributions*.  For  this  activity,  it  is  clear  that  there 
exists  a definite  and  significant  discrepancy  between  measured  and  theoret leal Iv  predicted  values  at  cer- 
tain rates.  In  this  case,  the  attenuation  was  considerably  higher  than  tho  values  predicted  from  the 
drop-size  distributions  considered. 

A more  detailed  examination  of  the  various  periods  of  rain  activity  in  the  above  storm  revealed 
that,  while  the  measured  attenuation  was  generally  on  the  higher  side,  a certain  IS  hour  period  was  pri- 
marily responsible  for  the  observed  discrepancy.  Fig.  7 shows  a graphic.!1  representation  of  the  rain  act l 
vity  at  that  time,  where  this  IS  hour  period  is  indicated  bv  the  interval  Tj.  Bv  inspection  of  Fig.  7,  it 
is  evident  that  the  received  signal  level  during,  sav,  the  interval  T^.  dtps  to  sign!!' leant lv  lower  values 
than  during  the  interval  Tj,  the  correspond  tug  peak  rain  rates  being  comparable.  The  overall  averages  and 
10-second  averages  for  the  period  T^  are  shown  In  Fig.  8 and  Fig.  9,  respectively.  It  is  also  interest ing 
to  note  that  the  vertical  component  of  wind  velocity  during  Tj,  measured  at  the  transmitter /receiver  loca- 
tion, was  generally  upward  (with  peak  values  up  to  2 ra/ s) , while,  during  Tj,  it  was  generally  downward 
(with  peak  values  up  to  1 m/s).  This  could  have  an  effect  on  the  instantaneous  concent  rat  ion  of  the  smal- 
ler rain  drops  in  the  signal  path. 

At  present  onlv  a few  hours  of  data  which  include  measured  drop-size  distributions  have  been  re- 
corded. This  is  because  the  prototype  drop-size  instrument  has  onlv  recently  been  constructed  and  cali- 
brated. Sons'  preliminary  data  are  presented  to  illustrate  the  operat ion  of  the  avstem. 

Fig.  10  shows  the  measured  drop-size  distribution  at  a rain  rate  of  1.25  mm'h’*.  obtained  from 
data  during  a period  of  two  hours  of  tight  rain,  laws  and  Parsons  dist r ibut ion  for  the  same  rain  rate  and 


Calculations  were  performed  bv  D.V.  Rogers  and  R.L.  Olsen  of  C.R.C.,  Ottawa  and  are  based  on  Mie's 
scattering  theory  and  single  scattering  approxlmat ion.  Curves  1,3  and  5 are  normal ired  on  the  basis  of 
rain-rate  Integral  equation  (Olsen  et  al.,  1978) 
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diameter  I'lttgorlf*  Is  shown  for  comparison.  One-minute  average  rain  ratoN  have  been  c4lcul.1l  ed  from  the 
drop- nli#  histogram  during  thou#  two  hours  and  are  compared  with  those  measured  direct  Iv  hv  an  adjacent 
tipping-bucket  rain  gauge  In  Fig.  11(a).  The  corresponding  total  rain  fall  Is  snow  in  Fig.  11(h).  There 
is  a reasonably  good  agr  'cment  between  the  graphs  of  the  latter  figure. 

The  specific  attenuation  at  certain  rain  rates,  computed  from  the  measured  drop-sire  distribu- 
tion during  the  whole  two  hour  period,  is  indicated  hv  the  crosses  in  Fig.  12.  The  asterisks  indicate 
measured  mean  values  of  at tenuat Ion.  Agreement  here  is  not  sat Isfactorv  . Rut  one  must  keep  in  mind  two 
factors:  the  first  is  that  the  computed  attenuation  values  are  based  on  drop-sire  measurements  only  at 
ime  point  along  the  transmission  path,  while  the  measured  attenuation  values  apply  to  the  whole  path.  The 
second  is  that  relatively  large  errors  are  more  likely  to  occur  in  the  measurement  of  low  rain  rates  be- 
cause of  the  relatively  long  integration  time  of  the  tipping-bucket  rain  gauges  and  in  the  measurement  of 
low  values  of  attenuation  because  of  the  small  amplitude  fluctuations  that  exist  even  in  a clear  atmos- 
phere. The  measurements  cited  above  involve  both  low  rain  rates  and  small  values  of  attenuation. 


4.  CONCIPPINC  REMARKS 

Baaed  on  the  data  obtained  in  the  experiment  described  above,  over  a period  of  more  than  a hun- 
dred hours,  it  would  be  reasonable  to  conclude  that  attenuation  due  to  rain  at  74  OHr  cannot  be  accurately 
predicted  onlv  from  measured  path-average  rain  rates  and  "standard"  drop-site  distributions,  even  when 
closelv-spaced,  short- tntegrat lon-t Ime  rain  gauges  are  used.  In  this  experiment,  however,  while  spatial 
resolution  of  rain  rate  measurements  is  considered  adequate,  temporal  resolution  is  still  unsat isfactorv , 
partluclarlv  at  low  rain  rates. 

It  has  also  been  shown  that  attenuation  due  to  rain  can  be  significantly  greater  than  predicted 
using  Mte's  scattering  theory,  single-scat  tearing  approxlmat ton  and  Joss  et  al . drircle  distribution.  Our 
observations  suggest  that  the  vertical  component  of  wind  velocity  mav  be  partially  responsible  for  this 
result  in  some  cases. 

The  measurement  of  the  drop-sire  distribution  of  rain  should  provide  further  c lar if  teat  ion  con- 
cerning the  observed  attenuation  and  probably  resolve  the  difficulty  concerning  temporal  resolution  of 
rain  rate  measurement.  So  far,  in  this  experiment,  measured  drop-sire  data  ate  limited  and  available  onlv 
at  one  point  on  the  transmission  path.  Thus*  it  has  not  vet  been  possible  to  make  accurate  and  decisive 
comparisons  between  measured  and  calculated  values  ot  attenuation  based  on  drop-sire  distribution. 

Further  improvements  In  the  drop-sire  measuring  system  are  under  wav. 
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The  discrepancy  is  similar  to  that  observed  in  a recent  invest igat ion  (Keizer  et  al.  19781. 
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DISCUSSION 


F.Fedi.  Italy 

( 1 ) Could  you  itivc  us  an  idea  on  v/hat  was  Use  effect  of  rain  on  Hie  re  (lector  you  used  ’ 

t Dum\|t  the  event  you  showed  during  which  attenuation  data  were  higher  than  those  predicted  (l  ig.Sl  were  the 

indications  of  the  various  raingauges  along  the  path  very  different  one  front  the  other  ’ 

Author's  Reply 

1 1 > Very  little  if  any.  During  the  initial  stages  of  the  experiment,  water  was  sprayed  on  the  reflector  on  a clear 
day  hut  no  significant  effect  on  the  received  signal  level  was  observed  It  must  he  noted,  however,  that  even 
on  a clear  day  there  exist  small  fluctuations  a fraction  of  a db  in  the  received  signal  level  I w ould  also 

like  to  draw  attention  to  the  nature  of  the  reflecting  surface  It  was  constructed  hv  coating  a plate  glass  sheet. 
I cm  thick,  with  ‘Scotch  l int"  which  is  an  adhesive  plastic  sheet  loaded  with  fine  metallic  particles.  Hits 
construction  provided  a very  smooth  surface  with  reflectivity  indistinguishable  from  that  of  metal  at  the 
frequency  used. 

t -1  'he  indications  of  the  rain  gauges  were  not  very  different  during  this  particular  event.  Die  maximum  ratio 
between  the  10-second  average  rain  rates  indicated  by  the  individual  gauges,  which  occurred  only  occasionally  . 
was  approximately  two.  I his  was  the  case  during  the  period  l | . f igure  1.  when  the  attenuation  was  higher 
than  predicted,  and  also  during  fj . when  the  attenuation  was  within  the  range  of  predicted  values 
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SUMMTV 

Thin  invest igat ion  is  an  attempt  to  describe  completel v the  influence  ot  the  atmosphere  on  sensing  the 
earth's  surface  bv  microwave  radiometers  in  the  t lequencv  range  trow  10  OH*  to  1000  OH*.  The  dominant 
influence*  vatmospher ic  gases,  hydrometeorsl  Are  described.  Priwuiry  Attention  is  given  to  the  so-called 
window  t requeue ie*  in  the  range  trow  10  OH*  to  400  OH*. 

A computer  program  wa»  developed  which  determines,  tor  Any  object  on  the  ground,  the  brightness  temper  a 
lure  a x it  is  seen  trow  au  Airborne  sensor.  The  input  required  Are  the  object  parameters  tphvsical  tem- 
perature, reflectivity',  parameters  ot  the  Atmosphere  ve.g.  temperature,  pleasure,  humiditv'  And  paia- 
meters  ot  hvdromet eor a , t light  height  And  sensor  parameters  ^viewing  Angle,  |vl*vii*t ion,  frequency'.  St  a 
tiaticAl  information  About  the  atmospheric  vai  tables  and  the  weathei  conditions,  valid  toi  the  area  ot 
West  Oermanv  is  incorporated  in  the  program  in  ordet  to  compute  probabilities  that  at  a given  t light  height 
and  tor  certain  regions  and  t imes  ot  the  vear  objects  flike  woods,  fields,  roads,  cars'  can  be  detected. 
Some  results  ot  computation  will  be  given  and  compared  qua  1 1 1 at i ve l v with  some  actual  airborne  measut ernent s 
at  II  till*,  !•  till*  and  *H'  dll*  which  were  carried  out  at  the  I'KVI.K  in  the  last  tew  years. 

I.  Introduction 

An  airborne  radiometet  receives  radiation  t row  sources  on  the  earth's  suit  ace  It  is  common  to  express  the 
intensity  ot  radiation  in  brightness  temperature.  This  brightness  temperature  ot  au  eject  \s  influenced 
bv  many  parameters,  tor  instance  bv  intertering  sources  faun,  moon,  galaxy!,  background,  parameters  ot 
the  radiometer  vantenna  sidelobes,  losses  ot  the  receiver'  and  bv  the  atmospheric  scene  Minnie  l'.  In 

order  to  get  know ledge  ot  the  real  nature  ot  t lie  object  all  these  intlueuces  must  be  known  to  correct  the 

radiometric  signal.  Some  int l lienee*  can  be  regarded  as  constants  ve.g.  receivei  pavamet era' , other  a varv 
with  locality  and  tins'  fe.g.  atmospheric  pav.imet  ei  s' , This  study  describes  the  Atmospheric  ettects  which 
can  cause  great  changes  in  the  radiomet vie  signal.  The  brightness  temperature  ot  objects  is  increased  oi 
decreased  bv  the  atmosphere  whereas  the  contrast  between  two  objects  is  decreased  in  all  cases.  The 
strength  ot  this  ettect  in  general  increases  at  higher  frequencies. 

Foi  applications  m the  field  s't  radiometvv,  which  ave  both  civil  and  military,  it  is  desirable  to  use 

frequencies  as  high  as  possible  in  order  to  get  the  best  possible  spatial  resolution  at  .i  given  sire  .'t 
antenna.  To  improve  the  contrast,  however,  a lower  frequency  mav  be  necessary.  The  calculat ion  ot  the 
brightness  temperature  and  brightness  temperature  contrast  makes  it  possible  to  decide  which  frequency 
shall  be  used  in  order  to  detect  certain  objects  in  a certain  surrounding  at  a given  weathei  condition. 
Might  height  and  temperature  rosolut ion  ot  the  sensor.  The  most  uncertain  parameter  is  the  weathei 
condition.  Therefore  - it  von  want  to  investigate  a certain  region  - it  is  useful  to  have  some  sta 
fist ical  information  about  the  weather  parameters  in  dependence  ot  the  daytime  and  the  season  ot  the 
year.  It  was  not  possible  toi  us  to  get  these  inf ormat ions  bv  measurements.  It  is  a common  difficulty 
to  get  all  atmospheric  parameters  as  a function  ot  height  and  therefore  an  exact  description  ot  the 
actual  weather  status  is  nearly  impossible.  It  was  also  not  possible  to  do  flights  at  all  weathei 
conditions  because  ot  t light  limitations  at  certain  weather  conditions  tor  the  available  aircraft. 

Therefore  comparison  of  theory  with  actual  measurements  is  given  only  tor  some  cases  Mog,  cloud  covet'. 

Attenuation  bv  atmospheric  constituents 

The  attenuation  ot  microwaves  through  the  atmosphere,  called  extinction,  is  the  sum  ot  absoipttou  and 
scattering.  Absorpt ion  laud  emission'  is  caused  bv  gaseous  molecules,  wheieas  particles  m the  atmosphoie 
thvdrometeors,  dust,  smoke'  are  responsible  tor  absorption  and  scattering.  The  int l nance  ot  dust  and  smoko 
as  well  as  retract  ion  and  turbulent  and  ionospheric  ettects  aie  not  regarded  in  this  paper,  because  thev 
aie  ot  minor  importance  tor  the  radiomet rv . The  attenuation  bv  atmospheric  gases  and  bv  hvdromotecv*  uaiu 
and  tog'  is  shown  in  t injure  as  a tunctiouot  tiequenov  iradio  tiequeuev  up  to  visible  legion'.  The  at  tew 
nation  of  the  clear  atmosphere  rises  with  trequenov,  has  a maximum  ot  about  10,000  db  km  at  wavelengths 
around  100  u and  decreases  bevond  this  point.  This  main  tendency  is  disturbed  bv  v ■ iwv  individual  maxima 
ot  attenuation  which  are  mainly  caused  by  resonances  ot  the  gases  0«,  H»0  and  OOj.  The  attenuation  bv 
rain  increases  with  frequency;  above  .'00  OH*  the  attenuation  is  nearly  constant.  The  attenuation  bv  tog 
also  increases  with  frequency,  has  weak  maxima  and  minima  in  the  int rated  region  and  is  constant  at  wave 
length  below  t n. 

.'.I  Atmospheric  £*sea 

In  the  microwave  vcm,  mm  wavelengths!  and  ta\  infrared  region  \ sub -mm  wavelengths'  onlv  oxvgen  and  watet 
vap  'ur  produce  significant  absorption.  Other  const i t uent s ot  the  atmosphere  as  00,  N;0,  04  have  oulv 
negligibly  small  influence.  Oxvgen  is  distributed  homogenously  m the  atmosphere.  Its  amount  depends  on  the 
pressure  and  therefore  decreases  exponent ial 1 v with  height.  The  absoipttou  bv  oxvgen  is  caused  through  its 
pevmament  magnetic  moment . There  ave  4b  significant  resonant  lines,  most  ot  them  f '*>'  ate  centeied  atound 
bO  OH*  and  pressure  broadened  into  a oont  ituious  band.  At  OH*  there  is  a single  resonant  line.  The 

six  line*  between  HV  O.H#  and  vhX'  O.H*  are  ot  little  influence.  The  weak  nonresouant  spectium  can  be  ueg 
lected  fUebe,  H..I.,  1*77'. 

Water  vapor  is  not  uniformly  spread  in  the  atmospheres  its  amount  depends  on  the  balance  between  evapota 
tion,  condensation  and  pi ec t pi t at  ion  processes  and  in  general  decreases  with  height.  The  values  tot 
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absolute  humidity  at  ground  level  vary  from  I g/m  in  winter  to  20  g/m  in  summer.  Its  amount  above  10  Km 
can  be  neglected.  Water  vapour  is  a polar  molecule  and  the  attenuation  is  caused  by  the  electric  dipole 
moment.  For  frequencies  up  to  1000  OH*  IS  resonant  lines  must  be  considered.  At  22.2  OH*  and  183. J OH*  only 
rotational  excitations  occur.  Above  300  OH*  in  addition  to  the  rotational  also  vibrational  transitions  occur 
resulting  in  a strong  absorption  throughout  the  sub-millimetre  and  far  infrared  region.  Water  vapour  has 
a nonresonant  spectrum  whose  origin  is  not  yet  satisfactory  understood  and  cannot  be  neglected  and  must  be 
taken  into  account  by  an  empirical  formula. 

The  attenuation  caused  by  oxygen  and  water  vapour  can  be  calculated  tor  any  frequency  between  10  OH*  and 
1000  OH*.  Five  spectroscopic  parameter*  tat  length-*  width-  and  interference  factors!  for  each  of  the  4f>  0^ 
and  H%0  lines  plus  a nonresonant  H*0  absorption  spectrum  are  required  as  well  as  the  pressure,  tempera- 
ture and  water  vapour  content.  The  spectroscopic  parameters  are  taken  from  investigations  and  recent  measu- 
rements of  H.J.  Lie be.  The  values  for  pressure*  temperature  and  water  vapour  which  ate  a function  of  the 
height  are  taken  from  the  standard  atmosphere  distribution.  Figure  3 shows  the  attenuation  by  oxygen  and 
water  vapour  for  horiiontal  propagation  for  the  heights  0 km  and  4 km  in  the  frequency  range  from  10  OH*  to 
400  OH*.  The  curves  are  given  by  Rosenbaum  (1961),  the  dashed  lines  are  calculated  t rom  the  values  and  for- 
mulae given  by  H.J.  Liebe  (1977),  the  single  points  are  results  from  a computer  program  written  by  Fluess 
(1977).  There  are  some  differences  in  the  absolute  values  mainly  in  the  window  frequencies  which,  however, 
compared  to  the  effects  caused  by  hydrometeors , are  of  little  influence.  For  the  computer  program  the  values 
given  by  H.J.  Liebe  were  used. 

2 . 2 Hydrometeors 

Absorption  and  scattering  by  solids  and  liquids  are  very  different  from  that  of  gaseous  molecules.  There 
are  no  sharp  spectral  resonances  but  a monotonic  variation  with  frequency.  Rain  causes  an  increase  of 
attenuation  with  frequency  up  to  200  GH*;  at  higher  frequencies  the  attenuation  is  neatly  constant . Fog 
and  clouds  show  an  increase  in  attenuation  up  to  the  infrared  region. 

For  the  calculation  of  the  attenuation  (absorption  and  scattering)  as  a function  of  frequency  the  site  ol 
the  particles  is  essential.  When  the  particle  site  is  small  compared  to  the  wavelength,  Rayleigh's  theory 
is  valid  and  attenuation  is  mainly  caused  by  scattering  which  is  inversely  proportional  to  the  fourth  power 
ot  wavelength.  If  the  particle  sice  is  very  small  compared  to  the  wavelength  the  absorption  dominates  and 
the  attenuation  then  varies  with  aproxiroately  the  first  or  second  power  of  wavelength.  At  the  other  extreme, 
when  the  particle  si*e  is  considerably  greater  than  the  wavelength,  scattering  is  independent  of  the  wave- 
length and  the  attenuation  is  nearly  a constant  and  is  derived  from  geometrical  optic*.  For  particles  which 
are  comparable  in  si*e  to  the  wavelength  the  analysis  of  scattering  processes  becomes  more  complex.  The 
theory  was  developed  by  Hie.  It  containes  expressions  for  scattering  and  absorption  by  spherical  particles. 

In  practice  the  assumption  of  spherical  shape  instead  of  the  drop  shape  is  sat isf actory . 

2.2. 1 At tenuat ion  due  to  rain,  hail  and  snow 

Rain  causes  the  most  severe  attenuation  in  the  microwave  region.  Its  amount  can  be  calculated  from  the 
rainfall  rate  which  can  vary  from  less  than  l mm/h  (dri**le)  over  3 - 10  nsa/h  (moderate  rain)  to  values 
above  30  imx/h  (excessive  rain),  from  the  drop  site  distribution  (100  u to  more  than  I mm),  terminal 
velocity  and  scattering  properties  of  spheres  of  a given  site,  which  are  temperature  dependent  because  the 
complex  refractive  index  is  a function  of  temperature.  Figure  4 shows  the  attenuation  caused  by  rain  in 

the  frequency  range  from  10  GH*  to  1000  GH*  for  two  different  rain  rates.  The  values  are  taken  from  three 

different  authors,  namely  Joss  et  al..  Laws  and  Parsons,  Marshall-Palmer.  The  differences  are  caused  by 
different  assumpt ions  for  the  standard  drop  size  distribution  (Olsen,  R.L.,  1977).  In  practice  these  de- 
viations are  of  little  importance  compared  to  the  inaccuracies  in  the  calculations  of  the  attenuation  along 
a path,  resulting  from  the  ignorance  of  the  exact  rainfall  rate  and  the  variation  in  the  hor i cental  and 
vertical  extension. 

The  attenuation  by  hail  and  snow  is  much  smaller  than  by  rain  (about  two  orders  of  magnitude).  The 

reason  is  the  difference  of  dielectric  properties  between  the  two  phases  froten  and  liquid.  If  the  snow  or 

hail  is  melting  the  attenuation  will  be  higher  than  for  rain  because  the  fractional  volume  is  higher  than 
for  a rain  drop  with  the  same  water  content.  While  the  attenuation  by  rain  decreases  with  rising  tempe- 
rature, the  attenuation  by  snow  and  ice  is  increasing  with  higher  temperature. 

2.2.2  Attenuation  due  to  tog  and  clouds 

The  si*e  of  the  particles  in  fog  and  clouds  is  considerably  smaller  than  in  precipitation  (less  than 
100  w).  Therefore  the  attenuation  mainly  is  caused  by  absorption  and  not  by  scattering  effects  and  is 
dependent  on  the  total  water  content  and  not  on  the  particle  si*e  distribution.  Fog  and  clouds  are  similar 
in  nature,  differing  only  in  location  and  particle  sice  distribution.  Ice  clouds  cause  only  little  attenua- 
tion and  are  in  general  negligible.  Figure  S shows  the  attenuation  for  ice  clouds  and  fot  tog  and  waterclouds 
as  a function  of  frequency  (Fluess,  H.  197sT.  The  dependence  on  temperature  is  also  shown  in  the  diagram. 

1.  Brightness  temperature  calculation 

To  get  the  brightness  temperature  of  object*  on  the  earth's  surface  the  radiative  transfer  equal  ion  must 
be  used  because  emission  and  absorption  occurs  at  all  layers  within  the  atmosphere.  First  the  physical 
fundamentals  will  be  given  and  then  some  details  of  the  computer  program. 

3 . \ Physical  _f und ament  a 1 s 

Figure  6 shows  the  individual  terms  of  radiation  which  contribute  to  the  radiometric  signal.  The  radio- 
meter receives  by  the  main  beam  of  the  antenna  (the  sidelobes  are  neglected  here)  three  kinds  ot  radia- 
tion. The  first  term  is  the  emitted  energy  of  the  object  expressed  in  brightness  temperature.  This  is 
the  physical  temperature  of  the  object  multiplied  by  the  emissivity  (l-R)  (R  • reflectivity,  (l-R)  • 
emissivity  in  the  case  of  specular  reflection)  and  multiplied  by  the  transmissivity  t,  of  the  atmosphere 
between  object  and  sensor.  The  second  term  is  the  energy  which  is  reflected  by  the  object.  This  ate  again 
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two  components.  One  of  them  is  the  brightness  temperature  of  the  space  Tg  multiplied  by  the  trans- 
missivity tj  of  the  atmosphere  between  object  and  space.  The  amount  of  the  brightness  temperature  is  very 
low  (less  than  3 K)  and  can  be  neglected  in  most  cases  except  when  Tg  is  the  brightness  temperature  of  the 
sun,  moon  or  an  artificial  transmitter.  The  other  part  of  radiation  which  incidents  onto  the  object  is 
the  radiation  caused  by  the  atmosphere  itself.  Its  brightness  temperature  between  space  and  earth  (T|)  is 
calculated  in  the  following  way:  The  physical  temperature  of  each  layer  is  multiplied  by  its  emissivity 
( I— t (h))  al"i  the  transmissivity  between  the  height  (h)  of  this  layer  and  the  ground  level.  This  expres- 
sion must  be  integrated  between  the  height  h of  the  space  and  the  height  of  the  ground  level.  Both  the 
brightness  temperature  of  the  space  (T^  • t j 5 as  well  as  the  brightness  temperature  of  the  atmosphere  be- 
tween space  and  earth  (T j ) are  multiplied  with  the  reflectivity  of  the  object  (R)  and  the  transmissivity 
of  the  atmosphere  between  earth  and  sensor  (t^).  The  third  term  of  radiation  which  is  received  by  the  ra- 
diometer is  the  brightness  temperature  of  the  atmosphere  between  earth  and  sensor  (T2).  It  is  calculated 
in  the  same  manner  as  described  above.  In  practice  instead  of  an  integration  between  the  heights  a summa- 
tion over  layers  with  constant  parameters  is  carried  out.  For  this  purpose  the  atmosphere  up  to  a height 
of  20  km  is  devided  into  spherical  layers  of  varying  thickness.  Near  the  earth  more  layers  are  needed  (di- 
stance between  two  layers  20  m)  than  in  heights  above  10  km  (distance  between  two  layers  500  m) . 

3.2  Some  details  of  the  computer  program 

The  computer  program  first  calculates  the  attenuations  for  each  height  level,  which  are  the  sum  of  the  single 
contributions  by  atmospheric  gases  and  hydrometeors.  Then  by  aid  of  the  radiometric  transfer  equation,  des- 
cribed above,  the  values  for  transmission,  emission  and  the  brightness  temperature  (in  K)  are  computed.  The 
input  needed  is 

- parameters  of  the  object  (physical  temperature,  reflectivity  as  a function  of  frequency,  polari- 
zation and  incident  angle) 

- parameters  of  the  atmosphere  (temperature,  pressure,  water  vapour  content) 

- parameters  of  the  hydrometeors  rain,  clouds,  fog,  snow 

- flight  parameters  (height  over  ground) 

- sensor  parameters  (frequency,  polarization,  viewing  angle) 

The  values  of  the  brightness  temperature  were  calculated  for  38  different  frequencies  in  the  range  from 
10  GHz  to  400  GHz,  for  2 viewing  angles  (0°,  60°),  for  6 flight  heights  between  100  m and  8000  m,  for  41  re- 
flectivities of  the  object  (steps  of  0.025  in  the  range  from  0 to  I)  and  for  19  different  weather  conditions. 

4.  Results 

The  results  of  the  computation  get  the  most  practical  use  if  - instead  of  absolute  brightness  temperature  - 
the  brightness  temperature  contrast  between  two  objects  is  shown  as  a function  of  frequency,  weather  con- 
dition or  other  parameters.  This  is  done  in  the  first  part  of  the  discussion  of  the  results;  in  the  second 
part  some  statistical  information  about  the  weather  conditions  in  West  Germany  will  be  related  to  the  com- 
puted data. 

4 . I Brightness  temperature  contrasts 

Figure  7 shows  the  brightness  temperature  contrast  between  the  two  objects  vegetation-concrete  as  a 
function  of  frequency.  The  values  were  computed  for  three  different  flight  heights  and  for  standard 
atmosphere  condition.  The  reflectivity  was  assumed  to  be  frequency  independent  for  vegetation  (R  » 0.025) 
and  for  concrete  (R  » 0.175).  The  figure  is  similar  to  figure  3,  but  with  inverse  amplitudes.  This  is  evi- 
dent because  high  attenuation  (fig.  3)  must  correspond  to  low  contrast  (fig.  7).  The  absolute  values  of  the 
contrast  are  only  of  interest  when  the  temperature  resolution  of  the  radiometer  is  known.  Radiometers  exist 
up  to  220  GHz  and  have  a temperature  resolution  of  about  1 K to  5 K at  10  ms  integration  time.  This  integra- 
tion time  is  necessary  to  produce  radiometric  images  from  an  aircraft  with  usual  antenna  sizes  (~  30  cm  0) , 
flight  heights  (several  hundred  m)  and  flight  velocities  (100  - 200  kn) . Radiometers  at  higher  frequencies 
(up  to  300  GHz)  will  be  built  with  similar  performance  in  future.  The  quality  of  the  received  signal  can 
be  determined  by  regarding  the  ratio  of  the  brightness  temperature  contrast  to  the  temperature  resolution 
of  the  receiver.  For  recognition  of  objects  this  ratio  must  be  greater  than  1.  This  is  fulfilled  - as  can 
be  seen  in  fig.  7 - for  all  flight  heights  and  frequencies  up  to  250  GHz,  with  the  exception  of  the  60  GHz 
region  and  the  180  GHz  region.  If  low  error  probabilities  for  Che  detection  of  contrasts  are  demanded 
(<  1 Z)  this  ratio  should  be  at  least  10.  In  this  case  one  can  see  from  the  diagram  that  at  flight  heights 
of  about  3 km  radiometers  above  about  160  GHz  cannot  be  used.  The  detection  will  be  possible  at  higher  fre- 
quencies if  more  contrasting  object  combinations  are  considered  like  vegetation-water  or  vegetation-metal. 

If  the  weather  conditions  are  worse,  lower  frequencies  must  be  used.  This  effect  is  shown  in  figure  8.  The 
brightness  temperature  contrast  as  a function  of  the  frequency  is  shown  for  five  different  weather  conditions. 
The  diagram  shows  that  for  detection  of  the  objects  concrete-vegetation  frequencies  up  to  30  GHz  are  suitable 
for  all  weather  conditions,  80  GHz  - 90  GHz  frequencies  are  not  suitable  for  heavy  rainfall,  130  GHz  - 140 
GHz  is  only  suitable  for  standard  atmosphere  condition  and  fog  (or  clouds)  and  220  GHz  is  only  suitable  for 
standard  atmosphere  and  light  fog  (or  cloud).  The  data  are  valid  for  a flight  height  of  3 km  and  for  a viewing 
angle  of  0 . At  lower  flight  heights  the  contrast  will  be  improved;  for  viewing  angles  greater  than  0 the 
contrast  - according  to  the  greater  path  length  through  the  atmosphere  - will  be  decreased.  Figure  9a.  b shows 
the  temperature  contrast  for  3 object  combinations  and  for  the  same  5 weather  conditions  as  in  fig.  8 for  the 
most  important  window  frequencies  (11  GHz,  32  GHz,  90  GHz,  140  GHz,  220  GHz,  300  GHz).  The  reflectivities  for 
metal  and  concrete  were  assumed  to  be  frequency  independent  (R  ■ I for  metal  and  R - 0.175  for  concrete), 
whereas  water,  because  of  its  polar  character,  has  a strong  frequency  dependence  up  to  about  1000  GHz.  The 
values  are  taken  from  the  empirical  formula  given  by  Stogryn  and  Hasted.  The  reflectivity  decreases  from 
about  0.6  at  II  GHz  to  about  0.3  at  220  GHz.  The  flight  height  was  assumed  to  be  500  m and  the  viewing  angle 
0 . The  diagram  shows  not  only  the  absolute  value  of  the  brightness  temperature  contrast  but  additionally 
demonstrates  how  to  distinguish  different  objects  at  various  and  even  unknown  weather  conditions.  If  the 
columns  of  a certain  object  shown  in  figure  9 representing  the  different  weather  conditions  are  all  distinct 
from  the  columns  of  the  other  object  - as  it  is  the  case  at  II  GHz  - the  objects  metal,  water  and  concrete 
can  be  detected  in  a surrounding  of  vegetation  uniquely  without  the  knowledge  of  the  weather  conditions.  At 
32  GHz  this  is  only  true  in  the  absence  of  heavy  rainfall.  At  90  GHz  this  is  only  possible  for  standard  at- 
mosphere and  fog  (or  clouds).  At  140  GHz  and  220  GHz  a clear  detection  and  distinction  of  the  objects  is  only 
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possible  for  standard  atmosphere  and  light  fog.  With  the  aid  of  such  diagrams  for  different  flight  heights 
one  can  predict  at  what  frequencies  and  at  what  weather  conditions  certain  objects  can  be  distinguished. 

4.2  Relation  of  the  detect ibi l i ty  of  objects  to  weather  statistic 

For  a radiometric  system  in  action  it  is  necessary  to  know  for  how  many  hours  (e.g.  per  month ) the  system 
can  operate  without  being  disturbed  by  the  weather  conditions  when  the  detection  of  certain  objects  is  de- 
manded. This  information  should  be  known  for  each  region.  For  the  area  of  West  Germany  there  exist  a lot  of 
detailed  measurements  for  some  regions.  A complete  survey  of  all  ve&mer  conditions  for  all  regions  inclu- 
ding the  occurance  in  Z time  per  year  or  month  does  not  exist.  Therefore  enly  few  examples  of  the  use  of 
statistical  information  can  be  shown.  A very  rough  weather  statistic  mode*,  is  given  by  Fluess  for  two  large 
districts  of  West  Germany.  Continuous  measurements  were  done  in  summer  and  winter  973.  The  values  for 
pressure,  temperature  and  humidity  as  a function  of  height  (up  to  12  kra)  are  gi.e.  They  are  listed  as 
averaged  values,  minimum  values  and  maximum  values  each  for  summer  and  winter.  Thus  there  were  obtained 
12  model  atmospheres.  The  frequency  of  occurance  of  these  model  conditions,  however,  is  not  given;  also 
hydrometeors , fog  and  clouds  are  not  included  in  the  investigation.  Figure  10  shows  the  vertical  tempera- 
ture distribution  for  the  area  of  Munich  in  summer  1973  in  comparision  with  the  values  of  US-midiat i tude 
sunroer.  For  the  area  of  Munich  the  extreme  values  are  also  shown  in  the  diagram.  Figure  1 1 shows  the  visi- 
bility in  fog  for  V.  Germany.  The  results  are  based  on  the  data  of  35  meteorological  stations  and  have 
been  collected  in  a period  of  ten  years.  The  data  are  separated  for  North-  and  South-Germanv  and  for  day 
and  night.  Fog  is  defined  to  begin  at  a visibility  of  1000  m;  the  measurements  were  carried  out  down  to 
200  m visibility.  It  is  seen  from  the  diagram  that  fog  will  occur  in  South  Germany  at  night  much  more  often 
than  at  day  or  at  day  and  night  in  North  Germany.  Similar  observations  exist  for  rain  or  for  temperature  in- 
versions in  the  atmosphere.  A complete  weather  statistic  model  which  takes  into  account  all  weather  con- 
ditions and  a great  number  of  cl imatological  areas  of  West  Germany  (at  least  10  or  more)  is  in  preparation. 

4 . 3 Some  results  of  actual  measurements 

Airborne  measurements  with  radiometers  were  carried  out  at  the  three  frequencies  II  GHz,  32  GHz  and  90  GHz. 
The  weather  conditions  during  the  flights  were  clear  weather,  fog,  cloud  cover,  light  rain.  Although  the 
exact  weather  conditions  (temperature,  humidity)  were  registrated  in  no  case,  some  interesting  results 
were  obtained  by  comparison  of  the  weather  situation,  described  by  the  crew  of  the  aircraft  during  the 
flight,  and  the  measured  brightness  temperature  of  objects  on  the  earth.  At  II  GHz  there  was  no  noticable 
reduction  of  contrast  between  the  observed  objects  at  the  various  weather  conditions.  At  32  GHz  a flight 
was  done  over  two  lakes  one  of  which  was  covered  with  a layer  of  fog  with  a thickness  of  about  200  m, 
whereas  the  other  was  free  of  fog.  The  brightness  temperature  difference  between  the  two  lakes  is  about 

5 K and  can  be  seen  from  figure  12.  Figure  12  also  shows  that  the  brightness  temperature  of  the  first  lake, 

which  is  free  of  fog,  is  not  constant,  but  increases  along  the  flight  path  up  to  the  value  of  the  bright- 
ness temperature  of  the  lake,  which  is  covered  with  fog.  The  reason  is  supposed  to  be  the  continuous  in- 
crease of  air  humidity  which  results  in  an  increase  of  brightness  temperature  as  well  as  fog.  It  was  tried 
to  compare  the  measured  brightness  temperature  contrast  between  the  two  lakes  with  theoretical  calculations . 
From  observation  it  is  known  that  the  visibility  in  the  fog  layer  was  less  than  200  m.  If  a visibility  of 
100  m is  assumed  the  calculation  of  contrast  will  result  in  a value  of  about  5 K which  agrees  with  measure- 
ment. Figure  13  shows  the  brightness  temperatures  of  a lake  at  90  GHz  for  five  different  flights.  The  frac- 
tion of  cLoud  cover  and  the  height  of  the  clouds  during  the  flights  was  described  by  the  crew  of  the  air- 
craft. The  brightness  temperature  varies  from  about  225  K to  260  K.  In  general  the  brightness  temperature 
increases  with  an  increase  of  cloud  cover.  It  is  seen  from  figure  12  that  there  are  some  exceptions  which 
are  supposed  to  be  due  to  different  water  content  of  the  clouds  during  the  different  flights. 

5.  Cone  1 us ions 

The  possibility  to  calculate  the  probable  brightness  temperature  contrast  between  two  objects  on  the  ground 
as  it  is  seen  by  an  airborne  radiometer  at  a given  flight  height,  viewing  angle  and  receiver  frequency  is  an 
essential  tool  for  system  designers.  In  combination  with  statistic  weather  information  it  is  possible  to 
predict  at  what  times  of  the  year  and  in  which  regions  radiometers  can  usefully  operate.  In  order  to  get 
complete  information  about  the  actual  brightness  temperature  measured  by  a radiometer  a survey  of  the 
parameters  of  the  most  common  natural  objects  as  a function  of  frequency  and  angle  must  be  done.  These  pa- 
rameters (conductivity,  dielectric  properties)  provide  the  reflectivity  which  is  needed  for  the  calculation. 
Further  parameters  which  are  needed  to  correct  the  brightness  temperature  are  the  properties  of  the  receiver 
(noise  figure,  antenna  diagram).  Essential  preliminary  results  of  this  study  were  among  others  that  above 
250  GHz  radiometers  for  ground  observations  are  not  useful  (unless  one  is  satisfied  with  the  detection  of 
just  water  or  metal)  and  that  observation  above  90  GHz  is  not  possible  at  rainfall-rates  above  about  5 mm/h 
(unless  the  flight  height  is  essentially  lower  than  300  m) . 

Future  investigations  will  be  efforts  to  get  - in  reverse  to  the  above  calculations  - information  about  the 
actual  weather  conditions  and  thus  to  have  the  possibility  to  calculate  the  real  brightness  temperature  of 
the  object.  This  could  be  done  by  at  least  two  or  more  simultaneous  measurements.  Some  of  these  possibili- 
ties would  be  the  measurement  of  the  brightness  temperature  of  the  object  and  of  the  sky,  measurement  at 
two  angles  (e.g.  0 and  45°),  measurement  at  two  polarizat ions  at  an  angle  greater  than  20  , or  measure- 
ment at  two  or  more  frequencies  (multispectral  radiometry). 
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1R  = brightness  temperature  received  by  the  radiometer  (K) 

Ts  = brightness  temperature  of  the  space (K ) 

Tt  = physical  temperature  of  the  target  (K) 

t,  ,t?  : transmission  of  the  atmosphere 

R = reflectivity  of  the  target , (1-  R)  = emissivity 

TAj  ,T a 2 1 brightness  temperature  contributed  by  atmosphere (K  ) 
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Figure  6 Hie  radiomotr**  equation 
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DISCUSSION 


Comment  by  R.J.Kmery,  l'K 

I should  like  to  point  out  to  the  speaker  that  there  is  contusion  in  the  data  used  lor  calculating  molecular  ahsorp 
tion  in  the  atmosphere,  as  well  as  in  defining  log  conditions.  Figure  - is  not  realistic  tor  the  molecular  absorption 
measured  in  the  window  regions  at  submillimetre  and  infrared  wavelengths,  and  disagreed  with  the  figure  given  h\ 
Dr  l . Whicker  in  the  first  paper.  For  radiometric  measurements,  the  calculations  must  include  atmosphere 
broadening  of  the  absorption  lines. 
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SUMMARY 


Microwave  radiometry  can  be  used  to  Investigate  the  atmosphere  by  measuring  thermal 
emission  from  molecular  resonances.  These  measurements  provide  information  on  at- 
mospheric temperature  and  composition.  A major  advantage  of  this  technique  over 
comparable  infrared  methods  is  the  capability  of  microwaves  to  penetrate  clouds. 
Microwave  instruments  are  presently  being  used  in  satellites,  aircrafts  and  ground 
based  for  investigations  in  meteorology  (temperature,  atmospheric  water  content), 
and  atmospheric  physics  (composition  of  stratosphere  and  mesosphere). 


1 . INTRODUCTION 

The  fast  progress  made  in  recent  years  in  the  field  of  low  noise  millimeter  wave 
receivers  is  making  this  portion  of  the  spectrum  very  attractive  for  passive  micro- 
wave  radiometry  (PMR)  to  study  the  earth  atmosphere. 

The  atmospheric  microwave  spectrum  is  dominated  by  resonant  absorption  of  the  oxygen 
molecules  (0,)  , the  water  vapor  molecule  (1U0)  and  non-resonant  absorption  by  water 
vapor  and  liquid  water.  In  addition  many  minor  atmospheric  constituents  show  micro- 
wave  resonances  such  as  O , N,0,  CO,  SO,,  etc.  Atmospheric  pressure  is  the  dominant 
line  broadening  mechanism  up  to  altitudes  of  \ 80  km,  therefore  by  measuring  accurately 
the  pressure  broadened  absorption  line  of  a molecule,  it  is  possible  to  determine  the 
height  distributions  of  thts  particular  constituent.  Or  in  the  case  the  height  distri- 
bution is  well  known  (e.g.,  0,  has  a constant  mixing  ratio  up  to  80  km),  it  is  possible 
to  infer  the  height  profile  of  atmospheric  temperature. 


2 . MICROWAVE  SPECTROMETER  EXPERIMENTS  ON  THE  NIMBUS  SATELLITES 

The  microwave  experiments  on  the  weather  satellites  NIMBUS-5,  b,  and  G are  used  to 
produce  global  atmospheric  temperature  maps  independent  of  cloud  cover  and  to  determine 
the  atmospheric  water  vapor  and  liquid  water  content  over  ocean.  These  instruments 
also  provide  information  on  the  earth  surface  such  as  ice  coverage  over  ocean  and 
snow  cover  over  land  DJ  , this  later  data  is  of  great  importance  in  climatology. 

The  microwave  spectrometers  on  NIMBUS-5  and  -b  (NEMS  and  SCAMS)  are  measuring  atmos- 
pheric emission  at  5 frequencies,  on  the  weak  water  vapor  resonance  at  22.2  GHz,  in 
the  atmospheric  window  at  31.2  GHz,  and  at  3 frequencies  on  the  0,  absorption  line 
complex  at  60  GHz.  The  two  lower  frequencies  provide  information  on  atmospheric  water 
vapor  and  liquid  water  content  over  ocean  and  on  surface  parameters  such  as  snow  and 
ice  cover  over  land  and  ocean  areas.  The  atmospheric  temperature  profile  up  to  25  km 
altitude  can  be  retrieved  with  an  rms  accuracy  of  2 K.  Pig.l  shows  four  examples  of 
NEMS  temperature  profiles  compared  with  data  from  radio  sondes  [ ,■  J . Water  vapor  re- 
trievals are  accurate  to  about  0.4  gr/cm* . Liquid  water  estimates  are  believed  to  be 
accurate  to  about  0.01  g/ern*^  w- 


3 EXPERIMENTS  TO  MEASURE  MINOR  ATMOSPHERIC  CONSTITUENTS 

More  recently  the  technique  of  observing  the  thermal  emission  of  microwave  resonances 
of  atmospheric  constituents  lias  been  applied  to  investigate  the  atmospheric  composi- 
tion In  the  stratosphere  and  mesosphere.  Because  the  absorption  coefficients  tend  to 
be  higher  for  higher  frequencies^  only  the  frequency  range  above  lOO  GHz  is  of  interest 
for  sensing  atmospheric  constituents  such  as  Oj,  CO,  NiO,  etc. 

Experiments,  both  groundbased  and  airborne,  have  been  conducted  by  GOLDSMITH  et.at.  £ 4 ] , 
and  WATERS  et.al.  ro  among  others  to  detect  stratospheric  trace  gases  such  as  O , , II, o, 
CO,  N^O,  and  CIO. 

For  application  in  atmospheric  physics  the  mixing  ratio  profile  has  to  be  retrieved  from 
the  measurement.  For  our  groundbased  ozone  sounder  we  have  developed  an  Inversion  algo- 
rithm based  on  Chahlne's  relaxation  method  fbj. 


4>> : 


Figures  2a  and  2b  show  ozone  profiles  (measured  with  radiosondes  up  to  35  km)  and 
corresponding  ozone  profiles  retrieved  from  calculated  microwave  brightness  tempera- 
tures. For  this  test  of  the  iteration  method  noiseless  radiometric  data  was  assumed 
and  an  infinite  frequency  resolution.  The  inversion  accuracy  with  this  iteration 
technique  is  approximately  0.5  ppm.  The  accuracy  of  the  determined  profiles  remain 
virtually  unchanged  for  data  with  an  rms-noise  in  the  order  % 0.1  K and  a frequency 
resolution  of  ■v  0.1  MHz  near  line  center.  The  height  resolution  is  in  the  order  of 
•v  10-12  km,  given  by  the  width  of  the  weighting  function  in  the  radiative  transfer 
equation.  The  width  of  the  weighting  function  is  essentially  the  same  for  groundbased 
and  spaceborne  (nadir-looking)  observation. 

A much  better  height  resolution  can  be  obtained  with  limb  sounding  from  spacecraft. 
This  observing  mode  requires  a very  narrow  antenna  beam.  A microwave  limb-sounding 
experiment  has  been  proposed  for  spacelab  with  a lm  antenna  for  a 250  km  altitude 
orbit,  providing  t 3 km  height  resolution  [7]- 


4.  CONCLUSION 

Microwave  spectrometers  are  presently  being  used  on  experimental  weather  satellites, 
and  are  going  to  be  used  operationally  on  the  TIROS-weather-satellites.  Groundbased 
and  airborne  microwave  sensing  provide  important  information  on  trace  constituents  in 
the  atmosphere.  The  advantage  of  microwave  remote  sensing  over  other  remote  techniques 
such  as  infrared  sensors  ia  the  ability  of  microwaves  to  penetrate  clouds  (important 
for  groundbased  and  all  tropospheric  measurements)  and  the  possibility  to  perform 
measurements  which  are  not  possible  with  other  remote  sensinq  techniques  such  as  determ- 
ining the  kinetic  temperature  up  to  x 90  km  altitude  or  to  obtain  information  on  atmos- 
pheric liquid  water  content. 

With  the  availability  of  low  noise  millimeter  wave  receivers,  this  technique  will  become 
a very  important  tool  in  atmospheric  physics,  meteorology  and  climatology. 


REFERENCES 

[1]  K.F  KUNZI,  A . D . FISHER,  D.H.  STAELIN,  and  J.W.  WATERS,  "Snow  and  Ice  Surfaces 
Measured  by  the  Nimbus  5 Microwave  Spectrometer",  JGR,  Sept. 20,  1976. 

[2]  J.W.  WATERS,  K.F.  KUNZI,  R.L.  PETTYJOHN,  R.K.L.  POON,  and  D.H.  STAELIN,  "Remote 
Sensing  of  Atmospheric  Temperature  Profiles  with  the  Nimbus-5  Microwave  Spectro- 
meter", Journal  of  Atmospheric  Sciences,  Vol.32,  No.lO,  Oct. 1975. 


[3I  D.H.  STAELIN,  K.F.  KUNZI,  R.L.  PETTYJOHN,  R.K.L.  POON,  R.W.  WILCOX,  and  J.W. WATERS, 
"Remote  Sensing  of  Atmospheric  Water  Vapor  and  Liquid  Water  with  the  Nimbus-5 
Microwave  Spectrometer",  Journal  of  Applied  Meteorology,  Vol.15, 

No. 11,  November  1976. 

[4]  P.F.  GOLDSMITH,  M.M.  LITVAK,  R.L.  PLAMBECK,  and  D.R.W.  WILLIAMS,  "Carbon  Monoxide 
Mixing  Ratio  in  the  Mesosphere  Derived  from  Ground-Based  Microwave  Measurements", 
to  be  published  in  JGR. 

[5]  J.W.  WATERS  et.al.,  "Aircraft  Search  for  Millimeter-Wavelength  Emission  by 
Stratospheric  CIO",  to  be  published  in  JGR. 


W 


M.T.  CHAHINE,  "A  general  relaxation  method  for  inverse  solution  of  the  full 
radiative  transfer  equation",  J .Atmos . Sci . , 2^»,  (4),  741-747,  1972. 

E.  SCHANDA,  K.  KUENZI,  R.HOFER,  "Microwave  Experiments  for  Spacelab  and  Nimbus-6", 
Proceedings  from  "Colloque  du  GDTA  sur  1 ' ut i lisation  des  Satellites  en  Teledetec- 
tion"  Salnt-Mande/Paris,  21-23  Sept.  1977. 


' 

• 1 


PRESSURE  (mb) 


49-3 


TEMPERATURE  (K) 

Fig.  1 : Four  temperature  profiles  measured  with  the  NIMBUS-5  microwave  spectrometer 

(NEMS)  compared  with  data  from  radiosondes;  As  and  At  are  the  spatial  and 
time  differences  respectively  between  NEMS  sounding  and  radiosonde  launchT2j. 
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